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This review summarizes the highlights in the area of top quark physics obtained with the
two general purpose detectors ATLAS and CMS during the first two years of operation of
the Large Hadron Collider LHC. It covers the 2010 and 2011 data taking periods, where
the LHC provided pp collisions at a center-of-mass energy of
√
s = 7 TeV. Measurements
are presented of the total and differential top quark pair production cross section in many
different channels, the top quark mass and various other properties of the top quark and
its interactions, for instance the charge asymmetry. Measurements of single top quark
production and various searches for new physics involving top quarks are also discussed.
The already very precise experimental data are in good agreement with the standard
model.
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1. Introduction
Since its discovery by the CDF and D0 experiments at the pp¯ collider Tevatron in
1995 1,2, the top quark has remained in the focus of particle physics research, for
many good reasons. With a mass mt = 173.2±0.9 GeV a 3, it is by far the heaviest
of all known quarks. This has posed many questions whether the top quark may
play a special role in the standard model (SM), in particular in the electroweak
symmetry breaking.
The top quark is around 40 times heaver than the b-quark and has a mass which
is comparable to the one of a Rhenium atom (atomic number Z = 75). As it is also
much heavier than the W -boson, it can decay into two-body final states, t → Wq,
of which the mode t → Wb has almost 100 percent branching fraction. The latter
observation implies that, in the SM with three generations of fermions, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |Vtb| is close to unity. Due to the very
short lifetime of the top quark, it decays before it can hadronize. This offers the
unique opportunity to study the properties of a bare quark, including effects due to
aThroughout this review, natural units are used, such that ~ = c = 1.
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its spin which are transferred into respective angular correlations among its decay
products.
The top quark is the charge Q = +2/3e, weak isospin T3 = +1/2 partner of
the b-quark in the third generation weak isospin quark doublet. Its existence was
postulated already many years before its experimental evidence, in particular once
the b-quark was discovered in 1977. In the following years, indirect evidence that the
top quark must exist was obtained from limits on flavor-changing neutral-current
(FCNC) decays of the b-quark as well as from the absence of tree-level mixing
in the B0d − B¯0d system, which indicated that the b-quark must be the member
of an isospin doublet. In addition, its weak isospin T3 = −1/2 was determined
from measurements at LEP and SLC, leading to the conclusion that the postulated
partner of the b-quark should have T3 = +1/2.
At hadron colliders, top quarks are produced either in pairs, dominantly through
the strong interaction, or singly through the weak interaction. Thus, top quark
production and decay allow important tests of the features of two important forces
of the SM.
The large value of mt also implies a large coupling to the Higgs boson. The top
quark Yukawa coupling yt = mt/v, where v ∼ 246 GeV is the vacuum expectation
value, is close to unity. Because of this observation, it has often been speculated that
the top quark may play a special role in the electroweak symmetry breaking, either
in the context of the Higgs model, or invoking alternative mechanisms through
which elementary particles acquire mass.
The top quark appears in higher order loop diagrams of the electroweak theory,
which implies that mt is a crucial parameter in this theory. Precise measurements of
mt provide, together with other parameters of the electroweak theory, in particular
the mass of the W -boson mW , indirect constraints on the mass of the Higgs boson.
The W -boson mass is presently known from LEP and Tevatron data as mW =
80.385± 0.015 GeV 4.
Besides its potential role in electroweak symmetry breaking, the top quark plays
an important role in many scenarios for new physics beyond the SM. This consti-
tutes one of the main motivations for the top quark physics program at the Large
Hadron Collider (LHC). Several models predict the existence of new particles which
decay predominantly into top quark pairs. Therefore, it is attractive to search for
resonances in the top quark pair invariant mass distribution. New particles may
also be produced in top quark decays, for instance a charged Higgs boson t→ H+b,
provided that mH+ < mt −mb. In addition, precise measurements of the proper-
ties of the top quark and its interactions may reveal effects from new physics. This
concerns in particular the study of differential distributions, such as the asymmetry
in the rapidity distributions of top quark and anti-quark, but also the search for
FCNC in top quark decays and for the production of same-sign top quark pairs.
Experimental signatures involving top quark production often constitute an
important background to various new physics scenarios, such as super-symmetry
(SUSY). In particular, searches at the LHC for super-symmetric partners of quarks
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and gluons, namely squarks and gluinos, have not yet shown any hint at their exis-
tence. This gives rise to speculations that the first two generations of squarks may be
very heavy, while the top and bottom squarks could still be comparatively light (see,
e.g., Ref. 5 for a recent study). The decays of stop quarks generally yield signatures
containing top or bottom quarks and missing transverse energy due to the lightest
SUSY particle, the LSP, which may be hard to distinguish from SM top quark de-
cays. The increased interest in SUSY scenarios with a light third squark generation
thus constitutes a further important motivation to study top quark production in
detail at the LHC.
Since its discovery at the Tevatron, and using data collected up to the collider’s
shut-down in 2011 (
√
s up to 1.96 TeV), the properties of the top quark and its
interactions is being studied in detail 6,7,8,9,10,11,12,13,14,15,16,17,18. These studies are
now being continued at the LHC, which is in operation since the end of 2009. The
LHC collides protons with protons, rather than with anti-protons as was the case
at Tevatron, and does that at a higher center-of-mass energy (
√
s = 7 TeV until the
end of 2011). The large collision energy, as well as the large instantaneous luminosity
of the LHC, result in top quarks being produced in very large quantities: In 2011,
around 800 000 top quark pairs were produced per LHC experiment. This allows to
study many aspects of the top quark very precisely, and to search for new physics
involving the top quark in a comprehensive way.
This review summarizes the experimental results on top quark physics which
have been obtained at the LHC during the first two years of its operation (2010 and
2011), based on data samples corresponding to an integrated luminosity of around
Lint ∼ 5 fb−1 for each of the two general purpose experiments ATLAS and CMS.
The article is structured as follows. In section 2, the foundations and theoret-
ical status of top quark physics at the LHC are briefly discussed. In section 3, a
short summary about the LHC accelerator and the ATLAS and CMS detectors is
given, supplemented by a more detailed discussion of various relevant experimen-
tal aspects, in particular the reconstruction of the various physics objects such as
leptons, jets and missing transverse energy, and the Monte-Carlo simulation. The
following section 4 presents the measurements of the total and differential cross
sections of top quark pair production. Direct and indirect measurements of the top
quark mass, as well as of the top quark - anti-quark mass difference are discussed
in section 5, while measurements of other properties of top quarks and their inter-
actions are reported in section 6. Section 7 summarizes measurements of single top
quark production. Section 8 highlights the status of searches for new physics in the
top quark sector, including searches for a fourth generation of quarks. Finally, an
outlook on future perspectives is given in section 9.
2. Theory Overview
In the following, the foundations and current theory status of top quark physics at
the LHC will be briefly summarized. While the information given here can only be
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Fig. 1. Feynman diagrams for tt¯ production at leading order QCD.
briefb, more detailed overviews can be found in Refs. 19, 20, 21, 22.
2.1. Top quark pair production
In the SM, the dominant production mechanism for top quark pair production is
mediated by the strong interaction. Thus, since the top quark mass mt is much
larger than ΛQCD, tt¯ production at LHC can be successfully described in terms
of quantum chromodynamics (QCD), the theory of the strong interaction. In the
QCD-improved parton model, the inclusive production cross section of the process
pp→ tt¯, which depends on mt and the center-of-mass energy squared of the collider
s = 4E2beam, can be expressed using the factorization theorem as a convolution of
parton distribution functions (PDF) and a partonic cross section σˆ (at leading twist,
i.e., up to terms suppressed by powers of s):
σpp→tt¯(s,mt) =
∑
i,j=q,q¯,g
∫
dxidxjfi(xi, µ
2
f )fj(xj , µ
2
f )·σˆij→tt¯(sˆ,mt, µf , µr, αs) . (1)
The sum runs over all quarks and gluons contributing, xi are the parton momentum
fractions with respect to the proton momenta, fi(xi, µ
2
f ) are the proton PDF, µf(r)
are the factorization and renormalization scales, αs is the strong coupling and sˆ ∼
xixjs is the partonic center-of-mass energy. At leading order (LO) QCD, i.e., O(α2s),
the processes gg → tt¯ and qq¯ → tt¯ contribute (Fig. 1), while at next-to-leading order
(NLO) there are also partonic sub-processes with gq (gq¯) in the initial state. The
dependence on µr of the partonic cross section, computed in truncated perturbation
theory, arises in particular from the definition of the renormalized coupling αs, which
is usually done in the MS-scheme. The top mass mt in Eq. 1 may also depend
on µr, depending on the choice of renormalization scheme (see section 2.4). The
dependence of the partonic cross section and the PDF on µf arises from absorbing
uncanceled collinear initial state singularities into the PDF. The renormalization
and factorization scales are typically set to a hard scale of the process, and one
often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of differential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
bAs this review is focusing on experimental results, no attempt is made to fully reflect all devel-
opments in the areas of the theory and phenomenology of top quarks, and references given do not
aim at being complete.
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2t ∼ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt¯ total
cross section as function of αs(M2Z) for mt = 171.3 GeV
24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mtt¯.
The variation of the cross section when the scale is changed within a certain range
(often µ/2−2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.
The universal (i.e., process independent) proton PDF fi(xi, µ
2
f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC with√
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced
contribution, while the remainder is mostly due to the qq¯ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/
√
s (due to the minimal energy needed of sˆ > 4m2t and
setting x1 = x2 ) is 0.05 (0.025) at
√
s = 7 (14) TeV. At the Tevatron pp¯ collider,
the situation was reversed with the qq¯ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq¯)
contributions contribute only at the percent level, since they are suppressed by an
additional factor αs.
The NLO QCD O(α3s) corrections to the total tt¯ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(α2sα) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt¯ production at NLO QCD
which include the top quark decays and the correlations between production and
decay, such as the information on the top quark spin, which have been performed
in the narrow-width approximation for top quarks produced on-shell 43,44,45,46,47,
as well as for the more general case of WWbb¯ production including off-shell con-
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Table 1. Approximate NNLO QCD calculations of the tt¯ total cross section in pp collisions
at
√
s = 7 TeV. The first uncertainty corresponds to the scale uncertainty, while the second
uncertainty is the PDF uncertainty. For reference, also the NLO value is given.
Calculation σtt¯ [pb] Comment
NLO QCD 67 160 +20−21
+8
−9 –
Kidonakis 63 163 +7−5
+9
−9 1PI resummation
Aliev et al. 25 164 +5−9
+9
−9 threshold resummation
Ahrens et al. 64 155 +8−9
+8
−9 SCET (1PI and PIM) resummation
Beneke et al. 65 163 +7−8
+15
−14 threshold resummation in momentum space
Cacciari et al. 62 159 +12−14
+4
−4 threshold resummation in Mellin space
Moch et al. 68 175 +10−13
+5
−5 threshold resummation including high energy limit
tributions and non-factorisable corrections 48,49. While the impact of the finite top
quark width is expected to be small for the total cross section, it may be more
important in the case of differential distributions 50. The NLO QCD differential
cross sections for the production of tt¯ in association with one (tt¯+jet) 51,52,53,54 and
two (tt¯+2 jets) 55,56 extra jets are available. The sub-process of the latter consisting
of tt¯ + bb¯ production was calculated at NLO QCD as well, see, e.g., Ref. 57 and
references therein. At the moment, work is ongoing towards the full next-to-next-
to-leading order (NNLO) QCD calculation of the inclusive tt¯ cross section, which
is not yet available for all production channels. Very recently, the first complete
NNLO calculation of the qq¯ → tt¯ sub-process has become available 58.
The problem of logarithmic enhancements near threshold regions of the fixed
order cross section due to the emission of soft gluons can be handled with tech-
niques called soft gluon resummation, first discussed in Ref. 59 and subsequently
refined with increasing precision and using various techniques. In addition, resum-
mation methods are also used to deal with Coulomb singularities. Today, these
techniques have been refined up to the next-to-next-to-leading logarithmic (NNLL)
accuracy 60,61,62,63,64,65. The existing ingredients of the fixed order calculation can
be combined with corrections using soft gluon resummation to obtain an approx-
imate result for the tt¯ total cross section at NNLO QCD, which has been done
by various groups 63,25,62,66,65,64,67,68. For a review and comparison of the various
approaches, see Ref. 21.
Table 1 shows a compilation of the most recent results for the total cross section
for tt¯ production at LHC at
√
s = 7 TeV. The calculations differ in the way the
resummation was performed, for instance the choice of the soft limit considered. Ex-
amples are threshold resummation (
√
1− 4m2t/sˆ→ 0), as well as the pair-invariant-
mass (PIM, 1 −M2tt¯/sˆ → 0) and single-particle inclusive (1PI, sˆ + tˆ1 + uˆ1 → 0)c
kinematic schemes. While resummation is often performed in Mellin space, Ref. 64
cThe variables tˆ(uˆ)1 = (p1(2) − p3)2 − m2t are modified partonic Mandelstam variables of the
process q/gi(p1) + q/gj(p2)→ t(p3) + t¯(p4).
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uses a soft collinear effective theory (SCET) approach. Also, Coulomb singularities
may be resummed or not. The very recent calculation from Ref. 68 includes new
insights from the high energy limit s m2t . The calculations were evaluated using
the MSTW2008NNLO 28 PDF set (except the NLO result which used the NLO
PDF of the same set). The PDF uncertainty corresponds to the 90% confidence
level (CL) envelope of the used PDF set except for Refs. 62, 68 which used the 68%
envelope. Ref. 65 also includes an αs uncertainty. The renormalization and factor-
ization scales were set to µr = µf = mt with mt = 173 GeV, except for Ref. 64
which used mt = 173.1 GeV and Refs. 62, 65 which used mt = 173.3 GeV. The
scale uncertainty was evaluated by changing both µr and µf within factors of two
up and down. The uncertainty of the result of Ref. 64 includes an additional con-
tribution evaluated from the difference between the two kinematics schemes (PIM
and 1PI). The results of the various approximate NNLO calculations are in good
agreement with each other. In general, the scale uncertainty is significantly reduced
with respect to the NLO result. However, the results from Refs. 62 and 68 quote a
significantly larger scale uncertainty compared with the other approximate NNLO
results. Finally, the authors of Ref. 69 propose a scheme in which µr would be
fixed, however it is not clear how such an approach relates to actual properties of
µr-dependent terms in the higher order perturbative expansion.
Fig. 2 (right) 24 shows the approximate NNLO QCD tt¯ cross section as a function
of αs(M
2
Z) (MZ is the mass of the Z-boson) at the LHC for
√
s = 7 TeV, evaluated
using the HATHOR program 25, setting mt = 171.3 GeV and using various PDF
sets. The vertical error bars of the theory predictions correspond to the combined
PDF and αs uncertainty. It is evident that the cross section depends strongly on
both αs and the PDF, in particular on the gluon density. The predictions are com-
pared with ATLAS 26 and CMS 27 measurements which will be discussed in more
detail in section 4. In general, reasonable agreement is observed, even though the
prediction based on the ABKM09 70 PDF is slightly disfavored. However, note that
σtt¯ also depends strongly on the used value for mt. This dependence can be used to
indirectly constrain mt using the measured cross section
60,65, which will be further
discussed in section 5.2.
The measurements of the top quark pair production cross section σtt¯ at the LHC
will be discussed in section 4. In tt¯ production, the top quarks are unpolarized, but
their spins are correlated. See section 6.3 for more details. At NLO QCD, an asym-
metry occurs in the rapidity difference distribution of top quarks and anti-quarks
in tt¯ production at hadron colliders. This will be further discussed in section 6.6.
2.2. Production of single top quarks
Single top quarks can be produced through the electroweak interaction and the
Wtb vertex (almost exclusively, since |Vtb|  |Vtd|, |Vts|). Three different production
modes exist (Fig. 3):
• In the t-channel mode, a space-like W -boson scatters off a b-quark, which is
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Fig. 3. Example Feynman diagrams for single top quark production at LO QCD. From left to
right: t-channel production as flavor excitation and as W -gluon fusion; s-channel production; tW -
channel production.
Table 2. Approximate NNLO QCD calculations of the total cross sec-
tions for single top quark and anti-quark production in pp collisions at√
s = 7 TeV. The first uncertainty corresponds to the scale uncertainty,
while the second one (where given) is the PDF uncertainty.
Production mode (author) σt [pb] σt¯ [pb]
t-channel (Kidonakis 71) 41.7+1.6−0.2 ± 0.8 22.5± 0.5+0.7−0.9
s-channel (Kidonakis 72) 3.17± 0.06+0.13−0.10 1.42± 0.01+0.06−0.07
s-channel (Zhu et al. 73) 2.81+0.16−0.10 1.60
+0.08
−0.05
tW -channel (Kidonakis 74) 7.8± 0.2+0.5−0.6 7.8± 0.2+0.5−0.6
either considered through the b-quark PDF in the proton (flavor excitation,
massless scheme) or produced via gluon splitting g → bb¯ (W -gluon fusion,
massive scheme);
• In the s-channel mode, a time-like W -boson is produced from two quarks
belonging to an isospin doublet, e.g., ud¯, and subsequently decays into tb¯;
• In the tW -channel mode, which is also called associated production, the
top quark is produced in association with a close-to real W -boson.
Single top quark production is interesting for various reasons. Its proof of ex-
istence provides a relevant test of the standard model. It is important to measure
all three production modes, since they are sensitive to the Wtb vertex in different
ways. Non-standard couplings would indicate the presence of contributions from
new physics. Also, single top quark production allows to directly measure the CKM
matrix element |Vtb| (assuming R = 1, see Eq. 3 in section 2.3), without making an
assumption on the number of generations, and to verify the unitarity of the CKM
matrix. Deviations from the SM expectation could indicate a possible fourth gen-
eration. The flavor excitation production allows constraints on the b-quark PDF,
though this requires significant statistics. Standard model single top quark produc-
tion constitutes a background in several new physics scenarios, for instance produc-
tion of a new W ′ or a charged Higgs H+ boson (tW - or s-channel signature). New
physics involving FCNC would lead to single top production via ug → t (t-channel
signature).
The cross section for single top quark production in hadron collisions was calcu-
lated at NLO QCD ten years ago 75,76. The most recent calculations also incorporate
NNLL resummation 71,72,73,74. The numerical results are summarized in Table 2.
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The calculations from Refs. 71, 72, 74 used mt = 173 GeV, and the first uncertainty
corresponds to the scale uncertainty, while the second uncertainty is the PDF uncer-
tainty using the MSTW2008NNLO PDF set at 90% CL. The s-channel calculation
from Ref. 73 used mt = 173.2 GeV and quotes only the scale uncertainty.
The t-channel production mode is dominant at the LHC, followed by the tW -
channel associated production. Note that, except for the tW -channel, the cross
sections for top quark production are larger than that for top anti-quark production,
due to the proton PDF. At
√
s = 7 TeV, the ratio of the t-channel single top quark
and anti-quark production cross section to the tt¯ cross section, σt+t¯(t− ch.)/σtt¯ is
around 40%.
Some higher order diagrams of t- and s-channel production have the same initial
and final states. However, there is no interference at NLO QCD between the two
production modes since the tb¯ pair produced in the t-channel forms a color octet,
while in the s-channel it forms a color singlet. On the other hand, there is interfer-
ence at higher orders between tW -channel associated production and top quark pair
production. This leads to the problem of unambiguously defining the two, which
will be discussed further in section 3.6.2.
Another feature of electroweak single top quark production is that the top quark
is produced left-handed and in its rest frame, it is 100% polarized along the direction
of the light quark. Since top quarks decay before they can hadronize, the polarization
information is transferred to their decay products. In particular, the distribution
of the polar angle of the lepton from the t → Wb → lνlb decay and the spin axis,
approximated by the direction of the light quark jet in the top quark rest frame, is
expected to be proportional to (1 + cos θ∗) 77.
The current status of the measurements of single top quark production at LHC
will be discussed in section 7. See section 8.2 for results on FCNC anomalous single
top quark production, and section 8.6 for W ′ and charged Higgs boson searches.
2.3. Top quark decays
The top quark decays almost exclusively as t → Wb. Since |Vtb|  |Vtd|, |Vts|, the
decays t → W (d, s) are strongly suppressed and will be further discussed only at
the end of this section. Neglecting the decays t → W (d, s), the total width of the
top quark in the SM at NLO QCD is 78
Γt =
GFm
3
t
8pi
√
2
|Vtb|2
(
1− m
2
W
m2t
)2(
1 + 2
m2W
m2t
)[
1− 2αs
3pi
(
2pi2
3
− 5
2
)]
, (2)
where GF is the Fermi constant. Using mt = 172.5 GeV yields Γt = 1.33 GeV.
The large width of the top quark corresponds to a very short lifetime τt = 1/Γt ∼
5 · 10−25 s. A D0 measurement 79, using the t-channel single top cross section and
the branching fraction BR(t → Wb) measurements, yielded Γt = 2.00+0.47−0.43 and
τt = 3.29
+0.90
−0.63 · 10−25 s, in good agreement with the SM.
The lifetime of the top quark is one order of magnitude smaller than the typical
formation time of hadrons τ ∼ 1 fm/c ∼ 3 · 10−24 s, which means that top quarks
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decay before they can hadronize. It also means that no toponium tt¯ bound state
can exist. As a consequence, the spin information of the top quark is transferred
to its decay products. The polarization of the W -boson from the top quark decay
can be either longitudinal or transverse (neglecting the mass of the b-quark and
at LO QCD with negative helicity only, due to angular momentum conservation),
according to the V-A structure of the Wtb vertex. This will be further discussed in
the context of the measurements of the W -boson polarization in top decays and the
top pair spin correlation, see sections 6.3 and 6.4.
The decays of top quark pairs can be classified according to the decay of the
W -bosons:
• Di-lepton channel: both W -bosons decay into lepton (electron, muon, tau)
and neutrino, tt¯ → W+bW−b¯ → l¯νlbl′ν¯l′ b¯. The branching fraction is
BR(di− lepton; e, µ, τ) = 10.3% (∼ 9/81). Considering only decays to elec-
trons or muons, it is BR(di− lepton; e, µ) = 6.45% (∼ 4/81).
• Lepton+jets channel: one W -boson decays into lepton and neutrino, the
other one into a quark - anti-quark pair, tt¯ → W+bW−b¯ → qq¯′blν¯lb¯ +
l¯νlbqq¯
′b¯. The branching fraction is BR(lepton + jets, e, µ, τ) = 43.5% (∼
36/81), approximately evenly split for W -boson decays into electron, muon
and tau.
• Hadronic channel: both W -bosons decay into a quark - anti-quark pair,
tt¯ → W+bW−b¯ → qq¯′bq′′q¯′′′b¯. The branching fraction is BR(hadronic) =
46.2% (∼ 36/81).
The decays of the top quark into a W -boson and a quark of another isospin
doublet t→Ws (BR ∼ 0.2%), t→Wd (BR ∼ 0.005%) 80 are strongly suppressed in
the SM. Unitarity of the CKM matrix implies that the denominator of the quantity
R, defined as
R =
BR(t→Wb)
BR(t→Wq) =
|Vtb|2
|Vtb|2 + |Vts|2 + |Vtd|2 . (3)
is unity. This means that, assuming unitarity of the CKM matrix, a measurement
of R provides a constraint on |Vtb|. A deviation of R from one may hint at a fourth
generation. Measurements of R were performed by means of counting the b-jet
multiplicity in a sample enriched in top pair events at Tevatron 81,82. The most
recent result from D0 82 yielded R = 0.90±0.04, somewhat lower than the SM value.
Assuming unitarity of the CKM matrix, this corresponds to |Vtb| = 0.90 − 0.99. A
measurement of R performed at LHC will be discussed in section 6.2.
In the SM, the FCNC decays t → Zq and t → γq have negligible branching
ratios, and a deviation from this would be a sign of new physics. At the Tevatron,
the most precise upper limit on BR(t → Zq) has been set as 3.2% 83. Searches for
FCNC in top quark decays and production at LHC will be discussed in section 8.2.
April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
CONTENTS 13
2.4. Mass and charge of the top quark
The mass of the top quark, which is a fundamental parameter of the SM, is currently
known as mt = 173.2±0.9 GeV from direct measurements at the Tevatron 3, which
corresponds to a precision of 0.5%. Thus, the top quark is not only the heaviest of
the known quarks, but also the one for which its mass has been measured with the
highest precision.
Indirect constraints on mt can be obtained from precision measurements of
the parameters of the electroweak theory. The mass of the W -boson can be ex-
pressed as a function of the electro-magnetic coupling α(M2Z), the Fermi con-
stant GF and the electroweak mixing angle θW , where sin
2 θW = 1 − m2W /m2Z ,
as m2W =
piα(M2Z)/
√
2GF
sin2 θW ·(1−δr) . The term δr contains contributions from higher order elec-
troweak loop diagrams involving the top quark which depend quadratically on mt.
The most recent indirect constraint on mt based on electroweak precision measure-
ments is mt = 179.7
+11.7
−8.7 GeV
84, in good agreement with the direct measurements.
Since the δr term also contains a contribution from loop diagrams involving the
Higgs boson depending logarithmically on its mass mH , it is possible to obtain in-
direct constraints on mH from global electroweak fits including direct measurements
of mt. The most recent determinations fits indicate that the Higgs boson should be
light 84,85, consistent with the direct searches at Tevatron 86 and LHC 87,88.
Renormalization relates the bare mass which appears in the Lagrange density
with a renormalized mass, depending on the choice of renormalization scheme. Pop-
ular choices for the top quark mass are the on-shell scheme, where the pole mass
m
(pole)
t corresponds to the location of pole of the propagator, and the MS-scheme,
where the MS-mass m
(MS)
t (µr) is scale dependent. Perturbation theory allows to
convert between the two. Non-perturbative effects introduce an ambiguity in the
definition of the pole mass of O(ΛQCD) (see, e.g., Ref. 89). However, the direct
measurements of mt usually identify the measured value with m
(pole)
t . The current
status of direct and indirect top quark mass measurements, including the mass
difference between top quarks and anti-quarks, will be discussed in section 5.
The charge of the top quark, which is +2/3e in the SM, can in principle be
inferred from its decay products, which is however diluted in the case of quarks
hadronizing to jets. It also requires matching the decay products to the top (anti-)
quark. Measurements at the Tevatron have excluded the hypothesis that the top
quark has an exotic charge of −4/3e at the 95% CL 90,91. Another possibility to
get a handle on the top quark charge is the measurement of the cross section of the
production of top pairs in association with a photon, which is sensitive to the top
quark charge 92. See section 6.1 for constraints from LHC data on the charge of the
top quark, and section 6.5 for first results on the production of tt¯+ γ.
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3. Experimental Methods
In this section, a brief overview of the LHC accelerator and the two general-purpose
experiments ATLAS and CMS is given, including brief discussions on how the lumi-
nosity is measured and how events are selected at the trigger level. This is followed
by a description of the reconstruction of the main physics objects relevant for top
quark physics, as well as of the Monte-Carlo simulation of signal and background
processes.
3.1. Accelerator
The Large Hadron Collider LHC is a proton-proton (alternatively lead ions are
used) collider which has a circumference of 27 km and is located around 100 m
underground at CERN in Geneva, Switzerland. After providing initial pp collisions
at low center-of-mass energies in 2009 and early 2010, the LHC started operating
at an energy of 3.5 TeV per beam on March 30, 2010. The total integrated lumi-
nosity accumulated in 2010 at
√
s = 7 TeV, with up to 368 bunches per beam,
corresponds to 47 pb−1. In 2011, the maximum specific luminosity was increased
from the 2010 value of 2 ·1032 cm−2s−1 to 3.6 ·1033 cm−2s−1 by raising the number
of bunches per beam to 1380 and optimizing other beam parameters, resulting in
around 5.7 fb−1 of integrated luminosity delivered to the experiments ATLAS and
CMS. The large luminosity resulted in an average number of additional interactions
per bunch crossing (so-called pile-up) of around 6 (11) for the first (second) part of
the data taking, with a maximum of more than 20. This posed a significant chal-
lenge for the experiments with respect to triggering and reconstructing interesting
physics processes. Since April 2012, the LHC operates at the increased energy of 4
TeV per beam (
√
s = 8 TeV).
3.2. Detectors
At the moment, top quark physics at the LHC is mostly studied using the two
large multi-purpose detectors ATLAS 93 and CMS 94. Both ATLAS and CMS are
optimized in order to ensure that the complete final state of a collision event can
be reconstructed. In particular, all physics objects relevant for top quark physics,
such as leptons, jets (in particular also those originating from b-quarks) and missing
transverse energy, the latter usually originating from undetected neutrinos, can be
measured with high efficiency and very good energy and spatial resolution.
Both experiments use a right-handed coordinate system, with the origin at the
nominal interaction point, the x-axis pointing to the center of the LHC, the y-
axis pointing upwards (perpendicular to the LHC plane), and the z-axis along the
counterclockwise-beam direction. The polar angle, θ, is measured from the posi-
tive z-axis and the azimuthal angle, φ, is measured in the x-y plane. The pseudo-
rapidity is defined as η = − ln tan(θ/2). In the case of massive objects, the rapidity
y = 12 ln[(E + pz)/(E − pz)] is also often used. The transverse momentum pT , the
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transverse energy ET , and the missing transverse energy 6ET are defined in the x-y
plane, unless stated otherwise. The angular distance ∆R in the pseudo-rapidity -
azimuthal space is defined as ∆R =
√
∆η2 + ∆φ2.
3.2.1. ATLAS detector
The ATLAS detector 93 is 25 m high, 44 m long and has a total weight of 7 000
tonnes. The Inner Detector comprises a silicon (Si) pixel and micro-strip detector
(SCT), as well as a straw-tube tracking detector (TRT). It is embedded within
a 2 T thin superconducting solenoid magnet of 2.5 m diameter, and it provides
tracking and vertexing capabilities within |η| < 2.5, as well as electron identification
within |η| < 2.0. The pixel detector consists of three barrel layers complemented
by three end-cap disks on each side. The SCT consists of four double layers in the
barrel region and nine end-cap disks per side. The TRT comprises many layers of
gaseous straw tube elements interleaved with transition radiation material. It yields
on average 36 hits per charged particle trajectory (or track) and provides electron
identification capability. The Inner Detector provides a transverse impact parameter
resolution of ∼ 35 (∼ 10) µm for pions with pT = 5 (100) GeV, and a transverse
momentum resolution of about 4% for 100 GeV muons.
The high granularity liquid-argon (LAr) electromagnetic sampling calorimeter
is located outside the solenoid magnet. It provides excellent energy and position
resolution within |η| < 3.2 using a barrel and two end-cap calorimeters. The thick-
ness of a barrel (end-cap) module is in the range 22−30 (24−38) radiation lengths
X0. In the region |η| < 1.8, the calorimeter is complemented by pre-samplers, an
instrumented argon layer which provides a measurement of the energy lost in front
of the electromagnetic calorimeters. An iron-scintillator tile calorimeter with radial
depth of 7.4 nuclear interaction lengths λ provides hadronic energy measurements in
the range |η| < 1.7. The forward region is instrumented with the hadronic end-cap
(1.5 < |η| < 3.2) and forward (FCAL, 3.1 < |η| < 4.9) LAr calorimeters. The energy
resolution for photons of pT = 100 GeV is better than 1.5%, while jet energies are
measured with a resolution ∆E/E ∼ 65%/√E [GeV]⊕ 2.5%⊕ 5/E%.
The calorimeter system is surrounded by a muon spectrometer, which comprises
separate trigger and high-precision tracking chambers, measuring the momenta of
muons in a magnetic field generated by superconducting air-core toroids. The preci-
sion chamber system covers the region |η| < 2.7 with three layers of monitored drift
tubes, complemented by cathode strip chambers in the forward region. The muon
trigger system covers the range |η| < 2.4 with resistive plate chambers in the barrel,
and thin gap chambers in the end-cap regions. The muon transverse momentum
resolution varies between 3 and 12%, for pT values between 10 and 1 000 GeV.
A three-level trigger system is used to select the events of interest for subsequent
analysis. The level-1 trigger is implemented in hardware and uses a subset of the
detector information to reduce the rate to a design value of at most 75 kHz, followed
by two software based trigger levels, level-2 and the event filter, which reduce the
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event rate to about 200 Hz.
3.2.2. CMS detector
The CMS apparatus 94 has an overall length of 22 m, a diameter of 15 m, and
weighs 14 000 tonnes. The central feature of CMS is a superconducting solenoid, of
6 m diameter, providing a field of 3.8 T. Within the field volume are the tracking
detector and both electromagnetic and hadronic calorimeter. Muons are measured
in gas-ionization detectors embedded in the steel return yoke. In addition to the
barrel and end-cap detectors, CMS has extensive forward calorimetry.
The inner tracking detector measures charged particles in the range |η| < 2.5.
It consists of 1440 Si pixel and 15 148 Si strip modules. In order to deal with high
charged particle multiplicities, the strip detector employs 10 layers in the barrel
region. In addition, three layers of pixel detectors are placed close to the interaction
region to improve the measurement of the impact parameter of charged-particle
tracks, as well as the position of secondary vertices. The tracking detector provides
an impact parameter resolution of ∼ 15 µm and a pT resolution of about 1.5 % for
100 GeV particles.
The electromagnetic calorimeter (ECAL) consists of nearly 76 000 lead tungstate
(PbWO4) crystals, which provide coverage in |η| < 1.479 in the barrel (EB) and
1.479 < |η| < 3.0 in two end-caps (EE). The crystals are 25.8 (24.7)X0 thick in the
barrel (end-caps). A pre-shower detector consisting of two planes of silicon sensors
interleaved with 3X0 of lead is located in front of the EE and used for pi
0 rejection.
The ECAL has an energy resolution of better than 0.5 % for unconverted photons
with ET > 100 GeV.
The ECAL is surrounded by a brass/scintillator sampling hadron calorimeter
(HCAL) with coverage up to |η| < 3.0. In the (η, φ) plane, and for |η| < 1.48,
the HCAL cells map on to 5 × 5 ECAL crystals to form calorimeter towers
projecting radially outwards from the nominal interaction point. Within each
tower, the energy deposits in ECAL and HCAL cells are summed to define the
calorimeter tower energies. The combined ECAL+HCAL jet energy resolution is
∆E/E ∼ 100 %/√E [GeV ] ⊕ 5 %. This central calorimetry is complemented by
a tail-catcher (HO) in the barrel region, ensuring that hadronic showers are sam-
pled with nearly 11λ. Coverage up to |η| = 5.0 is provided by an iron/quartz-fiber
forward calorimeter, and even higher forward coverage is obtained with additional
dedicated calorimeters and with the TOTEM tracking detectors.
The return field of the magnet is large enough to saturate 1.5 m of iron, allowing
muons to be measured in four stations, to ensure robustness and geometric coverage.
Each station consists of several layers of aluminum drift tubes in the barrel and
cathode strip chambers in the end-caps, complemented by resistive plate chambers.
Muons are measured in the range |η| < 2.4. Matching the muons to the tracks
measured in the silicon tracking detector results in a pT resolution between 1% and
5%, for pT values up to 1 TeV.
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The first level of the CMS trigger system, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon detectors to select the
most interesting events. The High Level Trigger processor farm further decreases
the event rate from around 100 kHz to around 300 Hz, before data storage.
3.3. Luminosity measurement
The instantaneous luminosity is measured in both experiments by counting the rate
of collisions for a given number of bunch crossings using various techniques and de-
tectors, which are either dedicated devices situated close to the beam and sensitive
to minimum bias collisions, or alternatively elements of the main detector with ac-
ceptance for particles produced at small angles (typically forward calorimetry, or al-
ternatively track and vertex counting using the tracking detectors). These counting
methods provide information about relative changes in the luminosity. They need
to take the pile-up properly into account in order to provide meaningful results.
The absolute luminosity calibration is obtained from measured accelerator param-
eters such as bunch intensities and beam profiles, where the latter are measured
using dedicated van der Meer 95 or beam-separation scans which are performed on
a regular basis.
In the case of ATLAS, the systematic uncertainty on the measured luminosity
currently corresponds to 3.4 (3.7) % for the 2010 (2011) data taking period 96,97,98.
For CMS, the corresponding uncertainties are 4.0 (4.5) % for the two years, respec-
tively 99,100,101. Most recently, the CMS uncertainty for 2011 data was reduced to
2.2% 102 using a pixel cluster counting method, and benefiting from an improved
knowledge of the LHC beam parameters. It also yielded an upward shift of the over-
all normalization of 6.6% (from Lint = 4.7 to 5.0 fb
−1). These new numbers may
or may not have been used in the results presented here, depending on the time at
which they were made available.
3.4. On-line selection of top quark events
To select samples of top quark events at the trigger level, requirements which are
matched to the chosen decay mode were used. In the tt¯ lepton+jets channel, events
were typically selected using inclusive lepton (e or µ) triggers with a pT threshold
below the requirement in the off-line analysis. To control the rate, lepton identifi-
cation (ID) or isolation were used already at the trigger level. These requirements
had to be successively tightened during 2011 data taking to cope with increasing
luminosity and pile-up. In the case of CMS, triggers in which one or more jets are
required in addition to the lepton candidate were also used, in particular for the
high luminosity phase of 2011 data taking. Di-lepton (ee, µµ, eµ) final states were
triggered requiring two lepton candidates. Due to the lower rates compared with
the single lepton triggers, less stringent requirements on pT , ID or isolation were
needed. In order to recover efficiency losses from the double lepton requirement,
single lepton triggers were also often used. Di-lepton final states where one lepton
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is a hadronically decaying tau and the other one is either an electron or a muon
(eτ , µτ), used a single electron or muon trigger. The hadronic and tau+jets chan-
nels used multi-jet triggers, typically requiring at least four or five jets and, in the
case of CMS, supplemented with a requirement that at least one of them had to
be identified as b-quark jet. Single top quark events generally used similar triggers
than the ones used in the tt¯ di-lepton and lepton+jets channel. CMS also employed
a dedicated trigger with a b-quark jet requirement to select t-channel single top
events.
In addition to the signal triggers discussed above, so-called control triggers were
often used. They employed looser selection requirements (for example lower pT
thresholds or no lepton isolation or ID requirements). Their purpose was to collect
samples which could be used to measure trigger or off-line selection efficiencies, or
to estimate backgrounds.
Lepton trigger, reconstruction, ID and isolation efficiencies were typically mea-
sured from the data themselves, using the tag-and-probe technique. Here, a pure
sample of Z-bosons decaying into a pair of charged leptons was selected, but with
tight requirements on only one of the leptons (the tag). The efficiencies could then
be determined on the second lepton, the probe.
3.5. Reconstruction of physics objects
In the following, details are given on the reconstruction of physics objects relevant
for top quark analyses, in particular charged leptons (e, µ, τ), hadronic jets including
b-quark jet identification, and missing transverse energy 6ET . More information can
also be found in Refs.103, 104 for CMS and Refs. 105, 106 for ATLAS, respectively.
In CMS, a global event reconstruction called Particle Flow (PF) is used to
reconstruct and identify each single particle with an optimized combination of all
sub-detector information. Details on this approach can be found in Ref. 107.
Dedicated techniques can be applied to cope with the presence of a large number
of pile-up interactions overlaid with the primary event. Charged hadrons identified
as not originating from the primary vertex can be removed from the reconstruction.
After this correction, only the neutral component of pileup remains aside from the
true jet constituents, which can be removed by, e.g., applying a residual area-based
correction described in Refs. 108, 109.
3.5.1. Electrons
Electron candidates are reconstructed in both ATLAS 110 and CMS 111,112 from
energy deposits (clusters) in the electromagnetic calorimeter, which are associated
with charged particle tracks reconstructed in the tracking detectors. The reconstruc-
tion algorithms take into account the possibility of significant energy loss through
bremsstrahlung as electrons traverse detector material.
Several ID criteria are applied to the electron candidates, based on, e.g., the
shower shape in the calorimeter, the track-cluster spatial matching or the value of
April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
CONTENTS 19
E/p, the ratio of the calorimeter energy and the track momentum. In the case of
ATLAS, the TRT is used due to its capability to separate electrons from charged
hadrons. Converted photons which are mis-identified as electrons are removed by
dedicated requirements on the amount of lost pixel hits and using dedicated algo-
rithms to find a partner conversion track of opposite charge. The ID criteria are
optimized in simulation for inclusive W → eνe events, maximizing the rejection of
non-prompt electrons or fakes, while maintaining high efficiency for electrons from
the decay of W/Z-bosons. While a simple approach in which just a few ID vari-
ables employed already results in a good performance, it can be improved further
by optimizing separately various categories of electron candidates, defined by their
location in the detector, ET range or the amount of bremsstrahlung emitted. Sets of
requirements on the values of the electron ID variables (also called working points)
are defined, such that typical efficiencies are in the range 70 − 90%, depending on
the background rejection power. For the energy range relevant for the measurements
presented here, the electron energy scale is known to better than 0.5% (0.3%) in
ATLAS (CMS), while the energy resolution is 2% (3%) or better. The probability
to misidentify the electron charge is below 1%.
Isolation requirements are applied on electron candidates to select leptons from
the decay of W/Z-bosons, rather than leptons produced within jets. Energy sums
are formed within a cone of typical size ∆R = 0.3 around the lepton direction,
excluding the lepton itself. These sums are based on the transverse momenta of
charged particle tracks and/or on the energy of calorimeter objects. Often one de-
fines a requirement based on a relative isolation variable, where these energy sums
are divided by the lepton (transverse) momentum. This allows for more energy in
the isolation cone for high pT leptons.
3.5.2. Muons
Muons are reconstructed in ATLAS 113 and CMS 114 combining the information
from the muon chambers and the inner tracking detectors. First, tracks are recon-
structed individually in the inner tracking detector as well as in the muon system.
They are subsequently merged to form muon candidates, starting either from the
muon (outside-in matching) or inner tracking detector (inside-out matching) track,
and a combined track fit is performed. In most cases relevant here, the muons consid-
ered are found by both approaches. Muon tracks are required to be of good quality
and to be consistent with the reconstructed primary vertex. In particular, the track
associated with the muon candidate is required to have a minimum number of hits
in the inner tracking detectors, and to have a high-quality global fit including a
minimum number of hits in the muon detector. This selection greatly reduces the
contribution from decays-in-flight, at the price of a small efficiency loss. Isolation
requirements are placed to select muons from W/Z-boson decays in a similar way
as for electrons (see section 3.5.1).
The muon pT resolution is 3-4% (1-2%) in the case of ATLAS (CMS) in the
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kinematic range relevant here, dominated by the inner tracking detector resolution.
The reconstruction efficiency is typically above 95% for both experiments, while
both the muon fake-rate as well as the charge mis-identification probability are at
very small levels.
3.5.3. Taus
Tau leptons have a mean lifetime of 2.9 · 10−13 s (corresponding to a path length
of 87 µm), such that most of them decay before leaving the beam pipe. They decay
either leptonically to an electron or muon and two neutrinos (BR ∼ 35%) or into
hadrons (BR ∼ 65%). The hadronic final states consist mostly of one (1-prong,
BR ∼ 50%) or three (3-prong, BR ∼ 15%) charged pions, a neutrino and potentially
additional neutral pions. Since the cross section for the production of hadronic jets
is much larger than the one for tau leptons, the challenge lies in rejecting the jets
faking tau candidates. Because of this, hadronic jets (discussed in section 3.5.4)
form the starting point of the tau reconstruction.
In the ATLAS tau reconstruction algorithm 115,116, tracks passing certain quality
criteria are associated with a calorimeter jet using a narrow cone criterion of ∆R =
0.2, where the leading track has to fulfill pT > 4 GeV. Candidates overlapping with
an electron or muon are removed, and electrons misidentified as taus are removed
using a Boosted Decision Tree (BDT). The jet forming the tau candidate also must
not be identified as originating from a b-quark. Another BDT is used to identify
actual hadronic tau decays and reject fakes. The reconstruction efficiency is between
40 and 85%, depending on the working point.
Also the CMS PF tau reconstruction algorithm 117 considers the different
hadronic decay modes of the tau individually. Using a PF jet as a seed, first the
pi0 components of the tau are reconstructed, which are then combined with charged
hadrons to reconstruct the tau decay mode, and to calculate the tau four-momentum
and isolation quantities. A special feature of the algorithm is that it takes into ac-
count the broadening in φ of calorimeter signatures due to early showering photons.
The tau reconstruction efficiency of this algorithm is estimated to be approximately
37% for the analyses discussed here.
In both experiments, the tau charge is taken as the sum of the charges of the
charged hadron tracks (prongs) in the signal cone, and isolation criteria are applied
in a similar way as for electrons and muons.
3.5.4. Jets
Hadronic jets are clustered with the infrared and collinear safe anti-kT algorithm 118
as implemented using the FASTJET 119,120 package, using a size parameter R=0.5
(0.4) in CMS (ATLAS). The jet momentum is determined as the vectorial sum of
all particle momenta in the jet. ATLAS uses topological clusters that group together
neighboring calorimeter cells with energy deposits above certain thresholds. Addi-
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tional correction factors are applied to correct the jet energy to the hadronic scale.
CMS is using reconstructed PF objects as input to the jet clustering, and the re-
constructed momenta are found in the simulation to be within 5− 10% of the true
momentum over the whole pT spectrum and detector acceptance.
Jet energy corrections are derived from the simulation, and are confirmed with
in situ measurements, for example using the energy balance in di-jet or photon+jet
events. In the case of CMS, the jet four momenta are corrected for non-linearities
in η and pT with simulated data, with a residual η-dependent correction added
to correct for the difference in simulated and true responses. The jet energy scale
(JES) uncertainty is around 2.6% for jets with pT = 30 GeV
121 and generally
smaller than 2% for pT > 45 GeV. For ATLAS, the JES uncertainty is less than
2.5% for central jets with |η| < 0.8 and pT = 60−800 GeV 122, while it increases at
lower or higher pT (up to 4.5%) or in the forward region. The JES depends on the
flavor of the jet, due to differences in fragmentation between light and heavy quarks,
and gluons. This is included as systematic uncertainty in the JES uncertainty. For
jets originating from b-quarks, the response is observed to be between the one for
light quarks and gluons in the case of CMS, and therefore the flavor uncertainty also
applies to the case of b-jets 121. In the case of ATLAS, an additional uncertainty
is assigned based on Monte-Carlo studies and validation with data 122. The JES
can also be determined using tt¯ events exploiting the known W -boson mass and the
correlation with the top quark mass, see Refs. 123, 124, 105 for previous simulation
based studies. Simultaneous determinations of mt and JES will also be discussed in
section 5.
The jet energy resolution amounts typically to 13% (15%) at 50 GeV and
8% (11%) at 100 GeV in the case of CMS (ATLAS) 121,125. Using PF jets, CMS
was able to significantly improve the resolution compared with using calorimeter
jets.
3.5.5. Missing transverse energy
Besides mis-measurements, a genuine source of missing transverse energy 6ET in an
event is due to neutrinos being produced in the interaction. In general, 6ET is calcu-
lated as the negative of the vector sum of the pT of all final-state particles. Cleaning
algorithms are applied in order to remove anomalous signals in the calorimeters (e.g.,
due to detector noise), as well as beam-halo muons produced upstream from the de-
tector. 6ET can be mis-measured for a variety of reasons, including the nonlinearity
of the calorimeter response, neutrinos from semi-leptonic decays, minimum energy
thresholds, as well as inefficient detector regions.
In ATLAS, 6ET is reconstructed 126 from the energy depositions in the calorime-
ter associated to the objects used in the analysis. The same reconstruction and iden-
tification algorithms as for the analysis objects are used to identify electrons and
jets. The corresponding topological clusters in the calorimeters are then included in
the calculation of 6ET at the energy scale of the associated object. Muon momenta
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are corrected for additional energy deposition in the calorimeter. Remaining energy
depositions not associated to any object are included at the electromagnetic energy
scale.
In CMS, 6ET is calculated 127 using reconstructed PF objects as input, which
results in a much improved resolution compared with using only calorimeter in-
formation. Despite the worse resolution of the CMS hadronic calorimeter, the 6ET
resolution using PF is comparable to the one of ATLAS. To remove the bias in the
6ET scale, the jet energy scale corrections of jets above a certain pT threshold are
used, followed by a correction for jets below this threshold as well as for objects not
clustered into jets.
3.5.6. Identification of jets from b-quarks
Top quark events are rich in jets originating from b-quarks (also called b-jets). Iden-
tifying these b-jets is an important means to select signal and reduce background
not being due to top quark production. In addition, they are useful for reducing the
combinatorial background during the full reconstruction of top quarks from their
decay products. Several methods exist to identify b-jets. Most of these methods
rely on the fact that B-hadrons have a significant lifetime of 1.5 ps (corresponding
to a path length of 450 µm), resulting in a displacement of the B-hadron’s decay
vertex from the primary vertex of the event. Tracks emerging from this decay ver-
tex provide an impact parameter which is defined as the minimum distance of the
linearized track from the primary vertex. Furthermore, a secondary vertex can be
reconstructed from tracks belonging to the b-hadron decay.
ATLAS and CMS use several algorithms based on impact parameters 128,129.
The track counting algorithm sorts the impact parameters of tracks associated with
a jet and uses the impact parameter of the N-th track (usually N=2 or 3) as dis-
criminating variable. The jet probability algorithm uses the impact parameters of
all tracks associated with a jet in order to calculate a probability that a jet is a
b-jet. Secondary vertex algorithms 128,130,131 try to reconstruct a secondary vertex
in the jet. In the simplest case, the discriminating variable is given by the decay
length (distance between primary and secondary vertex) or its significance. In the
case of CMS, this algorithm has been shown to be more robust with respect to
tracking detector misalignment 132. More sophisticated, but also better performing,
algorithms are also now available 133,134, in which for example information from
impact parameters and secondary vertices is combined using multivariate methods,
or additional discriminating variables are used. Finally, it is possible to identify
b-jets by the presence of a high pT lepton originating from a semi-leptonic decay of
a B-hadron (soft lepton tagging). This method suffers from reduced efficiency due
to the semi-leptonic branching fraction.
The performance of an algorithm is usually expressed as a b-jet tagging efficiency
at a given false positive (or mis-tag) probability. Working points can be defined in
terms of a certain value of the discriminating variable. In CMS, these correspond to
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light flavor mis-tag rates of 10% (loose), 1% (medium) and 0.1% (tight) in simulated
QCD jet events for jets with pT = 80 GeV. In ATLAS, they instead are defined in
terms of a given b-tagging efficiency of 50-85% in simulated tt¯ events. The perfor-
mance is estimated from data using various methods 135,136,137. One method uses
the fact that the transverse momentum of the muon from a semi-leptonic B-hadron
decay relative to the jet axis, pT,rel, is larger for muons in b-jets than for muons
in light flavor or charm quark jets. The pT,rel distribution is fitted with templates
for the different jet flavors. Another method employs three weakly correlated tag-
ging methods in events with a muon jet. The mis-tag efficiency is measured using a
negative discriminator value for a given algorithm. As negative tagged jets are rich
in light flavors, this can be used to measure the mis-tagging rate in data. Typical
values for the efficiencies (mis-tag rates) of the various algorithms are in the range
50− 70% (0.5− 5%). The detailed numbers depend for example on the pT and η of
the jet and the considered event sample. The systematic uncertainty in the b-tagging
efficiency data-to-simulation scale factors is typically below 5% 134,138 for jets in the
pT range most relevant here, increasing towards higher pT , while for the mistag rate
the systematic uncertainty is 9− 16% (10− 40%) for CMS (ATLAS) 134,136.
The b-tagging efficiency can also be measured using tt¯ events. Feasibility studies
based on simulation can be found in Refs. 139, 105. One method, often referred
to as tag counting, relates the measured b-tagged jet multiplicity to the b-tagging
efficiency. The situation is complicated because of limited detector acceptance, extra
b-jets from gluon splitting, jets from light or charm quarks which are wrongly b-
tagged and because of non-tt¯ background. ATLAS has applied the tag counting
method in both the tt¯ di-lepton and lepton+jets channels 136. The measured b-
tagging efficiencies agree within the statistical and systematic uncertainties, which
are of the order of 5 − 10% each, with the values obtained from simulation. Very
similar methods have also been applied by CMS 140. The scale factors are within 10%
of unity and have uncertainties of 3− 5%. Another method, the kinematic selection
method, employs a high-purity sample of tt¯ events in the lepton+jets channel and
measures the fraction of b-tagged jets in this sample, which is then related to the
b-tagging efficiency. It has been applied by ATLAS 136 and yields results consistent
with the tag counting method. CMS has also measured the b-tagging efficiency using
two further methods 140, one of which is based on a profile likelihood fit to the
two-dimensional distribution of jet multiplicity versus the b-tagged jet multiplicity
in the di-lepton channel, and another one is using a sample enriched in b-jets by
means of a kinematic selection. Both methods give results consistent with the tag
counting method. Within the present level of uncertainties, the b-tagging efficiencies
measured using tt¯ events are consistent with the ones measured in samples of QCD
jet events.
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3.6. Monte-Carlo simulation
Monte-Carlo (MC) generators are used for the simulation of top quark production
in pairs or singly, as well as of the most important background processes. In order to
facilitate comparison with experimental data, the simulated samples are processed
through detailed detector simulations based on the GEANT4 141 framework and are
subjected to the same reconstruction algorithms and analysis chain as the real data.
The simulated MC samples are used for several purposes. The signal simulation
is used to determine the selection efficiency. Simulations are also used to model
differential distributions for signal and background. The theory cross sections of
some of the backgrounds are used for normalization purposes only in the case of
small and well understood backgrounds. Large or not well modeled backgrounds are
instead estimated from data.
General purpose MC generators 142 such as PYTHIA6 143, PYTHIA8 144, HER-
WIG 145,146 and HERWIG++ 147 interface LO matrix elements (ME) of the hard
scattering process with parton showers (PS) in the leading-logarithmic approxima-
tion to simulate additional initial-state and final-state radiation. They also include
hadronization, secondary decays and simulate the underlying event.
While parton showers are designed to model parton radiation at low pT and/or
small angle, they are not well suited to model the radiation of additional partons at
large angle and/or high pT . Programs such as MADGRAPH
148,149, ALPGEN 150
and SHERPA 151,152 combine 2→ N LO tree-level matrix elements for the produc-
tion of, e.g., W/Z/tt¯+jets with parton showers (ME+PS approach). Care has to be
taken to avoid double counting, usually by matching matrix elements and parton
showers in a way that the matrix element is used for high pT , large angle emissions,
while the parton shower is used for low pT , small angle radiation. Prominent exam-
ples are the MLM 153 (ALPGEN, HERWIG) and CKKW 154 (SHERPA) matching
algorithms. The ME+PS approach is well suited to model differential distributions
for multi-parton final states, especially W/Z/tt¯+jets, but the total cross section does
only correspond to the LO estimate. ALPGEN and MADGRAPH can be interfaced
to PYTHIA or HERWIG to perform the parton showering and hadronization, while
this is already included in SHERPA.
A complementary approach is provided by the idea to combine the correct de-
scription of the total rate at NLO with the exact tree level LO prescription of
the first emission of one extra parton (NLO+PS). This is done by subtracting
from the exact NLO matrix element the O(αs) emission probabilities generated by
the shower. Commonly used implementations of this idea are MC@NLO 155 and
POWHEG 156, which are in general in good agreement with each other, despite
the different implementation. Both programs can simulate tt¯ and single top quark
production, including tt¯ spin correlation. While MC@NLO interfaces with HER-
WIG for the parton shower, POWHEG can use both HERWIG and PYTHIA and
has the advantage that no events with negative weights appear, as is the case for
MC@NLO. More recently, the POWHEG-BOX 157 provides a framework for im-
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plementing NLO calculations in shower MCs according to the POWHEG method.
Implementations of tt¯+jets production exist 158,159. The most recent developments
go in the direction to fully automatize the NLO+PS approach (aMC@NLO 160), as
well as to combine the ME+PS and NLO+PS approaches 161,162.
While not being a full MC generator including parton shower and hadronization,
the MCFM 47 program provides parton level predictions of top-quark processes at
NLO QCD.
3.6.1. Top quark pair production
In CMS, the top quark pair signal is modeled using MADGRAPH v4, where the
events containing tt¯ are generated accompanied by up to three extra partons in the
matrix-element calculation. The renormalization and factorization scales are set to
µ2r = µ
2
f = m
2
t +
∑
p2T , where
∑
p2T is the sum of the squared transverse momenta
of all accompanying hard jets in the event. The CTEQ6 163 PDF are used, and
mt = 172.5 GeV. The parton configurations are matched with PYTHIA v6.4 for
parton showering and hadronization using the MLM prescription. Tau decays are
handled with TAUOLA 164, which correctly considers the tau polarization in the tau
decay. In ATLAS, the top quark pair signal is simulated employing the NLO+PS
generator MC@NLO v3.41, using mt = 172.5 GeV and the NLO CTEQ6.6 PDF set.
The tt¯ samples are typically normalized according to one of the existing approximate
NNLO cross sections, see Table 1.
3.6.2. Single top quark production
In CMS, single top quark events are simulated using MADGRAPH. To give a fair
approximation of the full next-to-leading order properties of the signal in the t-
channel, the dominant NLO contribution (2→ 3 diagram qg → q′tb¯ and its charge
conjugate) are combined with the LO diagram (2 → 2, qb → q′t) by a matching
procedure based on Ref. 165. Both ATLAS and CMS also simulate single top events
using MC@NLO or POWHEG. Both generators use the massless scheme for the t-
channel production mode, such that the spectator b-jet is modeled only with LO
accuracy. ATLAS also uses ACERMC 166 for the simulation of single top quark
processes. The normalization is done using the NLO or approximate NNLO cross
sections (see Table 2).
Single top quark production in the tW -channel faces the conceptual problem
of its definition within perturbative QCD, as it mixes at NLO with tt¯ produc-
tion 167,168. To overcome this, two schemes have been proposed to define the tW
signal. In the diagram removal (DR) scheme 169, all signal diagrams which are dou-
bly resonant are removed, while in the diagram subtraction (DS) scheme 169,170,
a gauge invariant term is subtracted which locally cancels the contribution of top
quark pair production diagrams. Both schemes are implemented in POWHEG, used
by CMS. The DR scheme is also implemented in MC@NLO, as used by ATLAS.
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3.6.3. Vector boson production
Background samples simulating W/Z-boson production in association with up to
four extra jets (V+jets) are simulated in CMS using MADGRAPH interfaced to
PYTHIA (using MLM matching), using the scales µ2r = µ
2
f = m
2
W/Z +
∑
p2T . In
ATLAS, the production of W - and Z-bosons in association with up to five extra
partons is simulated using ALPGEN v2.13 interfaced to HERWIG, also employing
the MLM matching procedure. While the V+jets background is typically estimated
from data, for comparison purposes the overall sample is often normalized to the
known inclusive NNLO W/Z-boson production cross section, maintaining the rela-
tive fractions of parton multiplicities as predicted by the ME+PS generator.
Quark jets produced in V+jets events can originate either from light (u, d, s)
or heavy (c, b) quarks. The latter contribution is particular important for analyses
using b-tagging. Usually, one defines the following categories of events: V + qq¯ +X
(V+light), V +b(b¯)+X and V +c(c¯)+X (V+heavy). Heavy quarks can be produced
either directly from the matrix element, or from gluon splitting g → bb¯ (cc¯), avoiding
double counting.
Di-boson production (WW , WZ, ZZ) is simulated using PYTHIA in CMS, and
using HERWIG in ATLAS.
3.6.4. Estimation of modeling uncertainties
The most common procedures for the estimation of uncertainties related to the
choices made in the modeling of signal and background are discussed in the follow-
ing. For tt¯ and single top quark signal, one compares different MC generators to
assess differences between the NLO+PS generators, as well as to compare ME+PS
with NLO+PS event generation. PYTHIA and HERWIG are compared to assess
variations in the parton showering and hadronization description. The impact on
the choice of scales used is studied by varying the renormalization and factorization
scales by factors 0.5 and 2.0 with respect to their default values, both for signal as
well as for important backgrounds such as V+jets. Additionally, the effect of increas-
ing or decreasing the amount of initial-state (ISR) and final-state (FSR) radiation
is evaluated using dedicated samples, using either PYTHIA (CMS) or ACERMC
(ATLAS). However, the effect of this variation is expected to be partially correlated
with the effect due to changing the scale. Work is ongoing in order to define a fully
coherent procedure for estimating the uncertainty on the amount of generated QCD
radiation.
For samples in which matrix elements are matched with parton showers, the
dependence of the measurement on the choice of matching scale is studied by vary-
ing this scale by some amount with respect to the default value. The dependence
on the choice of PDF is evaluated using either error PDF sets, provided with, e.g.,
the CTEQ6 PDF as provided in the LHAPDF 171 package (CMS), or alternatively
by following the PDF4LHC prescription 172 (ATLAS). Finally, signal samples with
varied mt, underlying event tune or choice of color reconnection (color rearrange-
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ment between decay products of the top quark pair, and with the beam remnants)
model are used to assess the impact of these variations on the measurement.
4. Top Quark Pair Production Cross Section
The tt¯ cross section was measured in pp¯ collisions at the Tevatron (
√
s = 1.96 TeV),
most precisely as σtt¯ = 7.56
+0.63
−0.56 (stat. + syst.) pb (D0
173, precision 8%) and
σtt¯ = 7.50 ± 0.48 (stat. + syst.) pb (CDF 174, precision 6.4%), in good agreement
with the SM prediction. The different energy regime and production mechanism
make measurements of the tt¯ production cross section at LHC an important test of
perturbative QCD.
Top quark pair production can be experimentally classified according to the de-
cays of the W -bosons from the decay of the two top quarks (see section 2.3). In
the di-lepton channel, the experimental signature consists of two high pT leptons,
large missing transverse energy 6ET and at least two b-jets. The branching fraction is
comparatively small, but the backgrounds, mostly Z+jets, are also fairly small, es-
pecially when applying b-tagging. This makes the di-lepton topology an ideal place
to obtain a very clean sample of tt¯ events. On the other hand, the hadronic chan-
nel, where the experimental signature is at least six jets, two of them b-jets, suffers
from a huge background of QCD multi-jet events. This makes measurements of tt¯
production in this channel difficult, despite the large branching fraction. Finally,
the lepton+jets channel offers both a large branching fraction as well as moder-
ate backgrounds (mostly W+jets), such that it is often referred to as the golden
channel. Its signature is one high pT lepton, 6ET and at least four jets. In both the
lepton+jets and di-lepton channel, one typically considers only decays into electrons
or muons (usually including those from leptonic tau decays), while final states with
hadronically decaying taus are experimentally much more challenging and are often
studied separately.
In the following, the measurements of the inclusive tt¯ cross section in pp col-
lisions at
√
s = 7 TeV are summarized. After discussing measurements in the di-
lepton and lepton+jets channels using electrons and muons, which provide the most
precise results, measurements in the tau di-lepton, tau+jets and hadronic channels
are presented. Combinations made using several individual channels as input are
also shown. In addition to total cross section measurements, the large amount of
top quarks produced at LHC makes also differential cross section measurements
possible, for which first results are reported. First, however, the observation of top
quarks at the LHC is recalled.
4.1. Observation of top quark pair production at the LHC
The first top quark pair candidate events at the LHC were reported already in the
summer of 2010 175,176,177, after just a few months of data taking at
√
s = 7 TeV, and
corresponding to a few hundred nb−1 of integrated luminosity. Two examples are
presented in Fig. 4. The left plot shows a di-lepton candidate observed in ATLAS.
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Fig. 4. Example event displays of the first top quark pair production candidates observed at
the LHC. Left: A di-lepton candidate observed in ATLAS 175. Right: A lepton+jets candidate
observed in CMS 176.
It contains two high-pT electrons with invariant mass inconsistent with being due
to Z-boson decay, large 6ET and three jets of which one is b-tagged. The right plot
shows a lepton+jets candidate observed in CMS. It contains one isolated muon, four
high-pT jets of which one is b-tagged, and large 6ET .
The re-discovery of the top quark at LHC, culminating in the first cross section
measurements as discussed in the next sections, represented a major milestone, due
to the complexity of the experimental signature which involves essentially all physics
objects. It also showed that, already at an early stage, the detectors were very well
understood and calibrated.
4.2. Di-lepton channel with electrons and muons
In this section, measurements of the top quark pair production cross section using
the di-lepton final state with electrons and muons are discussed. The corresponding
event topology consists of a pair of high pT leptons (ee, µµ, eµ), large 6ET and
at least two b-jets. Feasibility studies for this channel based on simulation and for
center-of-mass energies of 10 and 14 TeV can be found in Refs. 178, 179, 180, 181
for CMS and in Refs. 105, 182 for ATLAS, respectively.
4.2.1. CMS measurements
CMS performed measurements of σtt¯ in the di-lepton channel using luminosities of
Lint = 3.1 pb
−1 183, 36 pb−1 184 and 1.14 fb−1 185. Only the most recent result will
be discussed in more detail, while the preceding ones are only briefly mentioned.
The first measurement of the top quark pair production cross section at the LHC
was performed by CMS using a dataset of just Lint = 3.1 pb
−1 of 2010 data 183.
Events containing a pair of isolated, oppositely charged leptons (l = e, µ) were
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selected with pT > 20 GeV and |M(ll) − mZ | > 15 GeV (the latter only for ee,
µµ events) to reduce Z/γ∗ → ll Drell-Yan background. At least two reconstructed
jets with pT > 30 GeV were required, as well as 6ET> 30 (20) GeV for ee, µµ (eµ)
events. The selection yielded 11 events, of which 7.7± 1.5 were expected to be due
to signal and 2.1 ± 1.0 due to background. The main backgrounds were estimated
using data-driven techniques as explained below. The cross section was measured
as
σtt¯ = 194± 72 (stat.) ± 24 (syst.) ± 21 (lum.) pb . (4)
This first measurement was clearly statistically limited, but within the uncertainties
in good agreement with the perturbative QCD calculations discussed in section 2.1.
An updated measurement using the full 2010 dataset ( Lint = 36 pb
−1) was
presented in Ref. 184. The main difference with respect to the previous measure-
ment was the explicit use of b-tagging in the event selection. The cross section was
determined as
σtt¯ = 168± 18 (stat.) ± 14 (syst.) ± 7 (lum.) pb . (5)
The ratio of the tt¯ and Z/γ∗ production cross sections, expected to be less sensitive
to certain systematic uncertainties than the measurement of σtt¯ itself, for example
due to luminosity and lepton efficiencies, was also measured as σtt¯ / σZ/γ∗→ee/µµ =
0.175±0.018 (stat.) .±0.015 (syst.) . The uncertainty of 14% on the ratio could only
be marginally improved with respect to the one on the absolute σtt¯ measurement,
since most of the dominating systematic uncertainties actually did not cancel. Fu-
ture, more precise measurements of such ratios may be used to constrain parameters
of the theory, for instance the PDF.
A measurement of the top quark pair cross section in the di-lepton final state
based on Lint = 1.14 fb
−1 of data collected in 2011 was presented in Ref. 185.
Events containing a pair of isolated leptons of opposite charge with pT > 20 GeV
and |M(ll)−mZ | > 15 GeV, at least two jets with pT > 30 GeV and 6ET> 30 GeV
(for ee, µµ only) were required. At least one of the jets was required to be b-tagged
using the track counting algorithm and a working point corresponding to about
80% efficiency and 10% false positive rate. The event selection yielded about 3000
events. The backgrounds from Drell-Yan Z/γ∗ → ll (l = e, µ) production, as well
as from events containing non-W/Z leptons (mostly W+jets and QCD multi-jet
events) were estimated using data-driven methods.
Events rejected by the Z-boson mass veto were used to estimate residual contri-
butions from Drell-Yan events in the selected sample. This background is difficult
to model in the relevant region of phase space with requirements on additional jets
and significant 6ET . The number of events surviving the Z-boson veto (“off peak”)
was assumed to be equal to the estimated number of Drell-Yan events near the
Z-boson peak after subtraction of the non-Drell-Yan contribution estimated from
eµ events, scaled by the ratio of off-peak to near-peak events in simulation. The
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systematic uncertainty of this method was estimated to be 50%, dominated by de-
tector calibration effects and changes of the fraction of vetoed Drell-Yan events with
increasingly stringent event selection requirements.
The contributions to the selected sample from isolated lepton candidates from
non-W/Z-boson decays were also derived from data, using a matrix method. A set
of equations relates the number of events in a “Signal”, “W+jets” and “QCD multi-
jet” category (containing two, one and zero prompt isolated leptons respectively)
to the number of events each passing a loose, medium and tight selection (with two
loosely, at least one tightly and two tightly isolated leptons respectively), given the
efficiencies for each event category to pass from the loose to the medium or tight
selection. The latter were obtained from data, allowing the system of equations to
be solved and the number of W+jets and QCD multi-jet background events to be
determined. The systematic uncertainty on the data-driven efficiencies was taken
conservatively as 50% of the difference between data and MC.
Other backgrounds, such as di-boson or single top quark production and Drell-
Yan Z/γ∗ → ττ events were estimated from simulation. The jet multiplicity before
the 6ET and b-tagging requirements is shown in Fig. 5 (left). The cross section was
measured individually in the ee, µµ and eµ channels, and the combined result was
σtt¯ = 169.9± 3.9 (stat.) ± 16.3 (syst.) ± 7.6 (lum.) pb . (6)
The precision of this result was already limited by the systematic uncertainty, which
was somewhat increased compared to the previous result, mostly due to the larger
amount of pile-up. Besides that, the other most important contributions to the
systematic uncertainty were originating from the b-tagging and lepton efficiencies,
the lepton selection model, jet and 6ET energy scale uncertainties, as well as the
signal modeling. The main task of future measurements of this kind will be to
improve upon the knowledge of the systematic uncertainties.
4.2.2. ATLAS measurements
ATLAS performed measurements of σtt¯ in the di-lepton channel using data samples
corresponding to Lint = 2.9 pb
−1 187, 35 pb−1 188 and 0.70 fb−1 186. In the following,
the first two measurements will be mentioned only briefly, while the most recent
result will be discussed in more detail.
The first ATLAS measurement of σtt¯ in the di-lepton final state was made using
Lint = 2.9 pb
−1 of 2010 data 187. After the full selection, demanding the presence
of two isolated, opposite charge leptons, at least two jets as well as of significant
6ET or HT , the latter being defined as the scalar sum of the transverse energies
of the two leptons and all selected jets, nine candidate events were observed, of
which approximately seven events were expected for signal. The cross section was
measured as
σtt¯ = 151
+78
−62 (stat.)
+37
−24 (syst.) pb , (7)
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Fig. 5. Left: Reconstructed jet multiplicity without 6ET and b-tagging requirements in the CMS
measurement of σtt¯ in the di-lepton channel
185. Right: b-tagged jet multiplicity in the corre-
sponding ATLAS measurement 186. Here and in following similar figures, the various signal and
background contributions were normalized either to the known (N)NLO theory cross sections, or
to the result of a data-driven background estimation method.
dominated by the statistical uncertainty.
An updated measurement using the full 2010 dataset of Lint = 35 pb
−1 was
presented in Ref. 188. The main result did not use b-tagging, while for a secondary
result at least one of the jets was required to be identified as a b-jet using the
jet probability algorithm. A novel feature of this analysis was the use of leptons
reconstructed only in the tracking detector (so-called track leptons), which were
used to increase the acceptance with respect to the standard lepton selection. From
the 154 (98) events which passed all selection requirements without (with) b-tagging,
the cross section was extracted using a profile likelihood fit as
σtt¯ = 177± 20 (stat.) ± 14 (syst.) ± 7 (lum.) pb . (8)
The cross check result using b-tagging was found to give a consistent result.
The most recent measurement in this channel, based on Lint = 0.70 fb
−1 of
2011 data, was presented in Ref. 186. Events were selected requiring two opposite
charge, well identified leptons with pT > 25 (20) GeV for electrons (muons), and
at least two jets with pT > 25 GeV. In addition, pairs of a single high quality
electron or muon together with a track lepton were also considered. To suppress
vector meson production, M(ll) > 15 GeV was required in the ee, µµ and track
lepton channels. In the ee, µµ channels, Drell-Yan and QCD multi-jet background
was suppressed requiring 6ET> 60 GeV, |M(ll) −mZ | > 10 GeV, while in the eµ
channel, a HT > 130 GeV requirement was imposed. In the track lepton channels,
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6ET> 45 GeV, HT > 150 GeV and |M(ll)−mZ | > 10 GeV were required. A selection
in which at least one jet had to be b-tagged using a working point with around 80%
efficiency was also made, relaxing the 6ET requirement to 6ET> 40 GeV. The b-jet
multiplicity for the channels not using track leptons is shown in Fig. 5 (right).
The backgrounds containing leptons not originating from the decay of a W/Z-
boson as well as from Drell-Yan production were estimated from data, using meth-
ods very similar to the ones used by CMS as discussed in section 4.2.1. Other
backgrounds (di-boson, single top and Drell-Yan Z/γ∗ → ττ production) were es-
timated using simulation. The selection yielded 1920 (1400) events in the analysis
without (with) the use of b-tagging. The tt¯ cross section was measured using a pro-
file likelihood technique in the individual lepton channels, and a combination was
performed using the non-overlapping measurements without using b-tagging as well
as the measurements using b-tagging, but with 6ET< 60 GeV. The combined result
was
σtt¯ = 176± 5 (stat.) +14−11 (syst.) ± 8 (lum.) pb . (9)
The dominating sources of systematic uncertainty are due to the lepton, jet energy
and 6ET measurements, as well as the signal modeling. As was the case for CMS,
better understanding of the systematic uncertainties is required in order to improve
upon the precision of such measurements in the future.
4.3. Lepton+jets channel with electron or muon
In this section, the top pair cross section measurements in the lepton+jets channel,
where the lepton is either an electron or a muon, are discussed. Previous studies
using simulation and at higher center-of-mass energy can be found in Refs. 189, 190,
191, 192, 193, 194 for CMS, and in Refs. 105, 195 for ATLAS.
4.3.1. ATLAS measurements
The first measurement of σtt¯ at LHC in the lepton+jets channel was performed by
ATLAS 187, using Lint = 2.9 pb
−1 of 2010 data. The event selection required exactly
one isolated lepton with pT > 20 GeV and at least four jets with pT > 25 GeV, one of
which was required to be b-tagged using a secondary vertex algorithm. QCD multi-
jet background was reduced by requesting 6ET> 20 GeV and 6ET +MT > 60 GeV,
where the transverse mass MT squared of lepton l is defined as M
2
T = 2p
l
T 6ET
[1− cos(φ 6ET − φl)]. 37 events were selected.
The most important backgrounds due to W+jets and QCD multi-jet events were
estimated using data-driven methods, while the other backgrounds such as single top
quark or Z+jets production were obtained from simulation. The background from
QCD multi-jet production was estimated either using a matrix method similar to the
one described in section 4.2.1 (µ+jets), or from a template fit to the 6ET distribution
(e+jets). The template shapes were taken from simulation, except the one for QCD
multi-jets, which was obtained from control regions in data enriched in background
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by loosening or inverting some of the electron identification criteria. The background
from W+jets production was estimated by convoluting the background estimated
in the corresponding untagged sample with a b-tagging fraction estimated in the 2-
jet sample and corrected for different flavor composition and tagging probabilities.
The background in the untagged sample with ≥ 4 jets was estimated from the event
yields in lower jet multiplicities using the assumption that Berends-Giele scaling 196
holds, which means that the ratio of W + (N+1) jets to W + N jets is expected to
be approximately constant as a function of n. The cross section was determined in
a counting experiment as
σtt¯ = 142± 34 (stat.) +50−31 (syst.) pb , (10)
where the systematic uncertainty was dominated by contributions originating from
jet energy scale uncertainty, data driven background estimation and signal modeling.
The combination of this measurement with the one in the di-lepton channel based
on the same dataset 187 discussed in section 4.2.2 yielded
σtt¯ = 145± 31 (stat.) +42−27 (syst.) pb . (11)
A measurement of σtt¯ using Lint = 35 pb
−1 of 2010 data without the use of
b-tagging was presented in Ref. 197. The event selection and QCD multi-jet back-
ground determination were similar to the measurement described above. A likeli-
hood discriminant was constructed from several variables which discriminate be-
tween signal and background and also profit from reduced sensitivity to systematic
uncertainties. These were the lepton η, the aplanarity A d and the lepton charge.
The cross section was obtained by a likelihood fit of the discriminant distributions
in the Njets = 3 and Njets ≥ 4 samples. The result was
σtt¯ = 173± 17 (stat.) +18−16 (syst.) ± 6 (lum.) pb , (12)
where the systematic uncertainty was dominated by the jet energy scale uncertainty,
QCD multi-jet and W+jets background estimation as well as signal modeling.
A measurement with the use of b-tagging using the same dataset was also per-
formed 197. In contrast to the measurement without b-tagging, the lepton charge
was not used in the likelihood discriminant. Instead, the two variables HT,3p
e and
the average of wJP = −log10Pj for the two jets with lowest Pj in the event (where
Pj is the probability for a jet to be a light-quark jet) were used. The cross section
extraction was performed simultaneously in the Njets = 3, 4 and ≥ 5 samples. In the
fit, the backgrounds were allowed to vary within their corresponding uncertainties
by means of Gaussian constraints and systematic uncertainties were accounted for
dThe aplanarity A is defined as 3/2 times the smallest eigenvalue of the momentum tensor Mij =∑N
k=1 pikpjk/
∑N
k=1 p
2
k (pik is the i-th momentum component of the k-th lepton or jet and pk is
the modulus of its momentum).
e HT,3p is defined as the sum of the pT of the third and fourth leading jets, normalized to the sum
of the absolute values of the pz of the four leading jets, the lepton and the neutrino (the latter
obtained using the W-mass constraint): HT,3p =
∑4
i=3 |pT,i|/
∑N
j=1 |pz,j |.
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in normalization and shape by adding nuisance terms to the fit. The resulting cross
section was
σtt¯ = 187± 11 (stat.) +18−17 (syst.) ± 6 (lum.) pb , (13)
where the systematic uncertainty received dominant contributions due to signal
modeling, b-tagging efficiency determination as well as the normalization of the
heavy flavor contribution of the W+jets background.
The most recent ATLAS measurement in this channel, which used Lint =
0.70 fb−1 of 2011 data 26, did not use b-tagging, since the associated systematic
uncertainties due to the b-tagging efficiency measurement and the heavy flavor frac-
tions in the W+jets background turned out to be a limiting factor. The event
selection was very similar to the one using 2010 data without b-tagging, yielding
around 41 000 events. The QCD multi-jet background was estimated using a ma-
trix method, while the W+jets background was estimated using a method which
exploits the charge asymmetry in W -boson production.
A likelihood discriminant was constructed using four variables: the pT of the
leading jet, the η of the lepton, and the variables A and HT,3p, as defined above. Six
discriminant distributions corresponding to lepton flavor (e or µ) and jet multiplicity
(3, 4 and ≥ 5 jets) were subjected to a simultaneous maximum likelihood fit using
signal and background templates, where the background templates were a priori
normalized to the expected data-driven (W+jets and QCD multi-jets) or theory
(others) estimates, but allowed to float using Gaussian constraints. Several sources
of systematic uncertainty, such as lepton efficiencies, jet energy scale uncertainty
and ISR/FSR modeling, were incorporated via nuisance parameters. The result was
σtt¯ = 179.0± 3.9 (stat.) ± 9.0 (syst.) ± 6.6 (lum.) pb . (14)
The systematic uncertainty was dominated by contributions arising from the choice
of signal MC generator, the jet energy scale calibration as well as the modeling of
ISR/FSR. The jet energy scale calibration uncertainty was constrained by the fit to
20% to 70% of its original value, and the ISR/FSR modeling uncertainty could be
reduced to 20% of its original value. The result of the fit is shown in Fig. 6. With a
precision of 6.6%, the result represents the most precise measurement of σtt¯ at the
LHC to date.
4.3.2. CMS measurements
The first CMS measurement of σtt¯ in the lepton+jets channel did not use b-tagging
and was based on a dataset corresponding to Lint = 36 pb
−1 of 2010 data 198.
Events were required to have at least one isolated lepton with pT > 30 (20) GeV
for electrons (muons), respectively, and three or more jets with pT > 30 GeV.
Around 3100 events were selected. The cross section was extracted by means of a
simultaneous binned likelihood fit of the 6ET and M3 distributions in the Njets = 3
and Njets ≥ 4 sample, respectively, where M3 is defined as the invariant mass of
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Fig. 6. Result of the combined fit to the likelihood discriminant, defined in the 3,4 and ≥ 5 jet
bins in both the e+jets and µ+jets channels, used to measure the tt¯ cross section in the lepton+jets
channel based on Lint = 0.70 fb
−1 by ATLAS 26.
the three jets which maximize the vectorially summed pT and is also an estimator
of the hadronic top quark mass. Templates were obtained from simulation with the
exception of the one for QCD multi-jet background, which was derived from data
using inverted lepton selection requirements. In the fit, the single-top contribution
as well as the ratio W+jets/Z+jets were constrained to within 30% of their SM
expectations. The cross section was measured as
σtt¯ = 173± 14 (stat.) +36−29 (syst.) ± 7 (lum.) pb . (15)
The dominant sources of systematic error were due to the jet energy scale as well as
the signal modeling, most importantly those related to the choices of factorization
scale and matching threshold.
A measurement using the same dataset but with the use of b-tagging was
presented in Ref. 199. Events were selected requiring exactly one lepton and
6ET> 20 GeV. Jets with pT > 25 GeV were considered in the analysis, at least
one of which was required to be b-tagged using a secondary vertex algorithm which
had an efficiency of 55% and mis-tagging rate of 1.5% in simulated QCD multi-jet
events. The cross section was determined by means of a simultaneous maximum
likelihood fit to the number of jets, the number of b-tagged jets and the invari-
ant mass of the tracks associated with the secondary vertex. The latter allowed to
discriminate light and heavy quark contributions, and the simultaneous fit in the
2D plane spanned by the jet and b-tag multiplicities made it possible to simulta-
neously constrain the tt¯ signal as well as the W+light flavor and W+heavy flavor
jets background contributions. Again, the template shapes were obtained from sim-
ulation, except for the QCD multi-jet background. The effects of the systematic
uncertainties due to b-tagging efficiency, light jet mis-tagging rate, jet energy scale
calibration and W+jets factorization scale, which were expected to dominate the
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Fig. 7. Result of the combined fit to the secondary vertex mass in nine bins of jet and b-tag
multiplicity for both the µ+jets (left) and e+jets (right) channels, as used in the CMS tt¯ cross
section measurement based on up to Lint = 1.1 fb
−1 27.
total systematic uncertainty of the measurement, were included in the likelihood fit
via nuisance parameters. Other systematic uncertainties were considered outside the
fit. The simultaneous maximum likelihood fit in both electron and muon channels,
each covering nine jet-tag multiplicities, resulted in a cross section measurement of
σtt¯ = 150± 9 (stat.) ± 17 (syst.) ± 6 (lum.) pb . (16)
The systematics due to jet energy scale calibration, b-tagging efficiency and W+jets
factorization scale were still found to be dominating, but were reduced with respect
to their prior values during the fit. The contributions from W+heavy flavors were
determined as somewhat larger than predicted, with the scale factors for W + b-jets
(W + c-jets) derived as 1.9+0.6−0.5 (1.4 ± 0.2). The combination of this measurement
with the measurement in the di-lepton channel using the same dataset and discussed
in section 4.2.1 yielded
σtt¯ = 154± 17 (stat.+ syst.) ± 6 (lum.) pb . (17)
Several cross check analyses, for example one based on a soft muon requirement to
identify b-jets, were performed and yielded consistent results.
An update of the measurement discussed above, corresponding to a dataset of
Lint = 0.8 (1.1) fb
−1 in the e+jets (µ+jets) channel was presented in Ref. 27. The
lepton pT thresholds were increased to pT > 45 (35) GeV for electrons (muons) due
to tighter trigger requirements during the 2011 data-taking. The jet pT threshold
was increased to pT > 30 GeV, and 6ET> 30 (20) GeV was required in the electron
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(muon) channel. The fit result is shown in Fig. 7 and yielded a cross section of
σtt¯ = 164.4± 2.8 (stat.) ± 11.9 (syst.) ± 7.4 (lum.) pb . (18)
The b-tagging scale factor was determined as 97 ± 1% with respect to its prior
value, which agrees well with Ref. 135. The contributions from W+heavy flavors
were determined as somewhat larger than predicted, with the scale factors for W+b-
jets (W + c-jets) derived as 1.2± 0.3 (1.7± 0.1). The precision of this measurement
is 8.7%, making this result the most precise measurement of σtt¯ by CMS to date.
Both CMS and ATLAS performed their most sensitive tt¯ cross section mea-
surements in the lepton+jets channel using in-situ determination of backgrounds as
well as simultaneous constraints on important sources of systematic uncertainty by
including their effects in the measurement by means of nuisance parameters. These
techniques have brought clear advancements in terms of precision in the case of
systematically limited measurements.
4.4. Di-lepton channel with a tau lepton
In the following, σtt¯ measurements in the di-lepton final state, where one lepton
is a tau and the second one is either an electron or a muon, are discussed. The
branching fraction of this final state is approximately 5% (4/81) of all tt¯ decays,
which corresponds to the one for the di-lepton channel with ee, µµ or eµ. Besides
providing additional acceptance, the tau di-lepton channel is also interesting because
the existence of a charged Higgs boson H± with mH < mt −mb would give rise to
anomalous tau lepton production in top decays via t→ H±+ b, with the same final
state signature (see section 8.6). In addition, this channel provides information on
lepton coupling universality. Here and in the following section, only hadronic tau
decays will be considered, since tau decays into electron or muon are usually included
as signal in the corresponding e/µ di-lepton and lepton+jets channel analyses. A
previous CMS feasibility study at
√
s = 14 TeV can be found at Ref. 200. Both
ATLAS and CMS performed measurements in this final state using 2011 data.
The CMS measurement 201 considered both eτ and µτ final states and was
based on data samples corresponding to Lint = 2.0 (2.2) fb
−1, respectively. Events
were selected containing a hadronic tau lepton candidate with pT > 20 GeV, an
isolated muon (electron) of opposite charge with pT > 30 (35) GeV, at least two jets
with pT > 30 (35) GeV, one of which was required to be b-tagged using the track-
counting algorithm, and 6ET> 40 (45) GeV. Fig. 8 (left) shows the reconstructed top
quark mass after the event selection using the KINb method, which will be discussed
in section 5.1.1. The main contribution to the background, which originates from
events with one muon or electron, large 6ET and several jets, one of which is faking
the hadronic tau, was estimated from data. It is mostly due to W+jets or semi-
leptonic tt¯ production. The tau fake probability, estimated in and averaged between
samples enriched in QCD multi-jet (mostly gluon jets) and W+1 jet (mostly quark
jet) events and parameterized in pT , η and jet radius, was applied to muon + 6ET + 3
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Fig. 8. Reconstructed mt distributions in the tt¯ cross section measurements in the tau di-lepton
channel from CMS 201 (left), and in the hadronic channel from ATLAS 202 (right).
jet events to obtain this background contribution. Other backgrounds which contain
real taus, such as Z/γ∗ → ττ , single top quark, di-boson and other tt¯ production
(the latter involving different decay modes), were estimated from simulation. The
cross section was measured in a counting experiment as
σtt¯ = 143± 14 (stat.) ± 22 (syst.) ± 3 (lum.) pb . (19)
The dominant systematic uncertainties arose from the tau fake background estima-
tion, tau reconstruction and b-tagging efficiency measurements, as well as from the
jet energy scale uncertainty.
The ATLAS measurement was based on Lint = 2.05 fb
−1 203. Events were
selected which contained one isolated muon or electron with pT > 20 (25) GeV (µ, e),
6ET> 30 GeV, at least two jets with pT > 25 GeV one of which was b-tagged using a
secondary vertex algorithm, HT > 200 GeV (to suppress W+jets background), and
one loose tau candidate with pT > 20 GeV. The tau fake background was estimated
by fitting the sum of templates to the distribution in data of the discriminant of
the BDT optimized for tau identification (see section 3.5.3). The signal template
was obtained from simulation, while the background template was modeled in a
data driven way. The fits were performed separately to the 1-prong and 3-prong
samples whose BDTs were independently optimized. The combined result for the
cross section was
σtt¯ = 186± 13 (stat.) ± 20 (syst.) ± 7 (lum.) pb . (20)
The dominant contributions to the systematic uncertainty that affect the signal
acceptance in simulation originated from the tau identification and b-tagging effi-
ciency, as well as from the signal modeling.
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4.5. Tau+jets channel
The tt¯ final state where one of the W -bosons decays into a hadronically decaying tau
lepton and a neutrino and the other one decays into jets, usually referred to as the
tau+jets channel, has a branching fraction of ∼ 10%. However, the cross section
measurement in this channel is difficult due to the large background from QCD
multi-jet production and other processes which fake the experimental signature of
a hadronic tau.
The first cross section measurement in this channel at the LHC was carried out
by ATLAS using Lint = 1.67 fb
−1 of data 204. Events with five reconstructed jets
were selected, of which two were required to be b-tagged and one was identified
as a hadronically decaying tau with pT > 40 GeV. Further requirements on the
6ET significance as well as the absence of additional high pT leptons were applied
to improve the signal to background ratio. The tau signal was extracted using a
template fit to the observed multiplicity distribution of well measured tracks within
a cone around the axis of the jet considered a tau candidate. The signal template
was taken from simulation, while the templates for the dominating backgrounds (tt¯
events with a jet mis-identified as tau and QCD multi-jet events) were obtained
from data. The amount of W + bb¯ and single top production background was taken
from simulation. The cross section was measured as
σtt¯ = 200± 19 (stat.) ± 42 (syst.) ± 7 (lum.) pb . (21)
Besides the uncertainties in the shapes of the fit templates, important systematic
uncertainties were due to the jet and 6ET measurements, b-tagging efficiency, as well
as signal modeling.
CMS performed a tt¯ cross section measurement in the tau+jets channel with
Lint = 3.9 fb
−1 of data 205, using events with one hadronic tau candidate and at
least four jets, one of which was required to be b-tagged. The shape of the dominating
QCD multi-jet background was taken from data by using a sample without b-tagging
requirement, weighted by the per-jet b-tag mis-identification probability. A neural
network (NN) based on seven kinematic variables was used to discriminate the tt¯
tau+jets signal from the backgrounds. The cross section was measured by means of
a template fit to the NN output distribution. The result was
σtt¯ = 156± 12 (stat.) ± 33 (syst.) ± 3 (lum.) pb , (22)
where important contributions to the systematic uncertainty were due to the jet
energy scale uncertainty, tau trigger and ID efficiency and energy measurement, as
well as the QCD multi-jet background modeling.
4.6. Hadronic channel
Despite the large branching fraction, the σtt¯ measurement in the hadronic channel
poses the challenge of a huge multi-jet QCD background, which requires well per-
forming b-tagging algorithms for its reduction, and data-driven techniques in order
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to estimate the remaining contribution. In the following, the existing measurements
at LHC using this channel are discussed. For a previous study based on simulation,
see Ref. 178.
CMS performed a measurement 206 based on Lint = 1.1 fb
−1 of 2011 data.
Events were selected on-line by requiring the presence on five, or, at higher lumi-
nosities, six jets. Off-line, at least six jets were required with pT > 40 GeV, of which
five (four) were required to fulfill pT > 50 (60) GeV, respectively. In order to reduce
the overwhelming QCD multi-jet background, at least two jets were required to be
b-tagged using a secondary vertex algorithm with a working point corresponding to
the small mis-tagging probability of only ∼ 0.1%, at the price of a reduced b-tagging
efficiency of ∼ 38%. A kinematic fit was employed to identify the association of jets
to top quark decay products, using mW and mt−mt¯ constraints, and choosing the
jet permutation resulting in the smallest χ2 fit value. The cross section was ob-
tained from an un-binned maximum likelihood fit to the mt distribution obtained
from the kinematic fit, based on a sample of 1620 events. While for the signal shape
simulation was used, the QCD multi-jet background shape was obtained from data
by selecting a sample with six jets but without identified b-jets, in which the sig-
nal contribution was negligible. This template was weighted with a parameterized
b-tagging probability applied to each jet assumed to originate from a b-quark in the
kinematic fit. The cross section was estimated from the signal fraction obtained in
the fit (∼ 25%) as
σtt¯ = 136± 20 (stat.) ± 40 (syst.) ± 8 (lum.) pb . (23)
The systematic uncertainty was dominated by the contributions from the b-tagging
efficiency, the jet energy scale and the background shape.
Following initial analyses using smaller integrated luminosities 207,208, ATLAS
presented a cross section measurement using the full 2011 data sample of Lint =
4.7 fb−1 in Ref. 202. Events were selected at the trigger level by requiring at least
five jets with pT > 30 GeV, while off-line the requirement was pT > 55 GeV,
supplemented by an additional jet with pT > 30 GeV. At least two jets were required
to be identified as b-jets using an algorithm which provided 60% efficiency and a light
jet rejection factor of ∼ 500. The events were also required to not contain isolated
high pT leptons, and to have small 6ET significance to reduce the contribution from
electroweak processes. In addition, the ∆R between the b-jets was required to be
above 1.2 to remove contributions from g → bb¯ gluon splitting. The selection yielded
around 16 400 events. The top quark mass was reconstructed using a kinematic
likelihood fit method which took b-tagging information into account. The shape of
the QCD multi-jet background was modeled using data events without the b-tagging
requirement, applying MC-based corrections for the effect of b-tagging on the mt
shape. The cross section was measured using an un-binned maximum likelihood
fit to the reconstructed mt distribution, yielding a signal fraction of 31.4% (Fig.8,
right). The result was
σtt¯ = 168± 12 (stat.) +60−57 (syst.) ± 7 (lum.) pb . (24)
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The largest sources of systematic uncertainty were due to the jet energy scale,
trigger and b-tagging efficiency measurements, as well as signal modeling.
4.7. Cross section combinations
Both collaborations produced combinations of their tt¯ cross section measurements
performed in various channels. The combinations were performed by means of a
combined likelihood function which was constructed from the ones of the individual
measurements. Care was taken concerning the treatment of correlations between
different sources of systematic uncertainty. In addition, cross checks using a simple
averaging or the BLUE 209 method were performed to validate the result.
Following earlier combinations of measurements in the di-lepton and lepton+jets
channels 210,199, the most recent CMS combination 211 was based on all individual
preliminary cross section measurements using 2011 data corresponding to Lint =
0.8−1.1 fb−1, including the di-lepton channels with electrons and muons, the muon-
tau di-lepton channel 212, the e, µ+jets channel and the hadronic channel. The result
of the combination (see Fig. 9, left) was
σtt¯ = 165.8± 2.2 (stat.) ± 10.6 (syst.) ± 7.8 (lum.) pb . (25)
In the case of ATLAS, earlier and meanwhile superseded combinations of tt¯ cross
section measurements in the lepton+jets and di-lepton channels were reported in
Refs. 213, 214. The most recent ATLAS combination 215 used the 2011 measure-
ments in the di-lepton (combining only channels without b-tagging and not using
track leptons), lepton+jets and hadronic channels (earlier preliminary version of
measurement discussed in section 4.6), using up to Lint = 1.02 fb
−1 of data. The
result (see Fig. 9, right) was
σtt¯ = 177± 3 (stat.) +8−7 (syst.) ± 7 (lum.) pb . (26)
The relative uncertainties of these combinations correspond to 8% (6%) in the
case of CMS (ATLAS), comparable with or better than the precision of the various
approximate NNLO theory calculations.
A summary of the most precise σtt¯ measurements per channel and experiment
is shown in Fig. 10, compared with some of the most precise theory predictions. In
general, very good agreement between measurements and theory is observed, which
constitutes an important test of the SM in a new energy domain and in a different
production mode, compared with the Tevatron. If a significant discrepancy between
σtt¯ measurements made in different decay channels would be found, it may be an
indication of a new physics signature which impacts the various decay modes in
different ways.
4.8. Differential distributions and cross sections
The large abundance of top quark pair production at LHC allows to measure not
only the total cross section σtt¯, but also differential cross sections dσtt¯/dX using
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Fig. 9. Combinations of CMS 211 (left) and ATLAS 215,216 (right) tt¯ cross section measurements
using 2011 data, compared with approximate NNLO theory calculations (Ref. 25 in the case of
ATLAS). See section 2.1 for more details regarding the calculations.
relevant variables X, for instance those related to the kinematics of the top (anti-)
quark or the tt¯ system. They can be used to validate MC models as well as explicit
higher order QCD calculations of top quark production. In addition, deviations
could signal contributions from new physics. Cross sections may be quoted either
after extrapolation to the full phase space (as done in the case of the total cross
section), or only within the kinematic range where the decay products are measured
within the detector (so-called visible phase space). In order to facilitate comparisons
with theoretical models and other experiments, corrections need to be applied to
the observed spectra, for which two basic choices exist: If the cross section is defined
at the hadron level (i.e., after particle decays and hadronization), only the detector
response is corrected for. On the other hand, a parton level cross section is defined
at the level of partons before hadronization. The first definition is closer to what is
measured experimentally and can be compared with MC simulations. However, the
second definition may be needed in order to compare with fixed order QCD calcu-
lations. The hadron level definition needs to include a prescription to reconstruct
the top quark from its decay products.
ATLAS performed a measurement 217 of the jet-multiplicity distribution in the
lepton+jets channel using Lint = 0.70 fb
−1 of data. Comparisons with models
were however performed at the reconstructed level, no unfolding was attempted.
The event selection required exactly one isolated lepton and at least four jets with
pT > 25 GeV, one of which had to be identified as b-jet. The background subtracted
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Fig. 10. Summary of the most precise measurements of σtt¯ per decay mode and experiment,
compared with several theory predictions at NLO and approximate NNLO QCD. See section 2.1
for more details regarding the calculations.
jet multiplicities were compared with the MC@NLO simulation for jet pT thresh-
olds of 25, 40 and 60 GeV. In general, good agreement was observed between data
and simulation (Fig. 11, left). The impact of variations of the amount of ISR in the
simulation was studied, but within the uncertainties, the data could not yet distin-
guish between different models. See also section 6.7 for an ATLAS measurement of
tt¯ production with a veto on additional jet activity.
CMS performed the first measurement of unfolded differential tt¯ production
cross sections at LHC using Lint = 1.14 fb
−1 of data 218, using both the di-lepton
and lepton+jets channels. The event selection was very similar to the total cross
section measurements in these channels. Cross sections were unfolded to the parton
level within the visible phase space, defined in terms of (pT , η)-requirements on
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Fig. 11. Left: Reconstructed jet multiplicity for jets with pT > 40 GeV after background sub-
traction for tt¯ events in the µ+jets channel from ATLAS 217. Right: Unfolded and normalized
differential top quark pair production cross section as a function of ptt¯T from CMS
218.
the final state objects. In the case of the lepton+jets channel, they corresponded
to |η| < 2.1, pT > 30 GeV for the lepton from the leptonic W -boson decay, and
|η| < 2.4, pT > 30 GeV for the b-quarks from the top quark decay as well as the
light quarks from the hadronic W -boson decay. In the di-lepton channel, the visible
phase space was defined as |η| < 2.4, pT > 20 GeV for the leptons from the W -boson
decays, while the requirements on the b-quarks were the same as for the lepton+jets
channel.
Normalized cross sections of the form 1σ
dσ
dX were measured, which have the ad-
vantage of the cancellation of many systematic uncertainties. Since the cross sec-
tions were corrected to the parton level, the uncertainty due to the hadronization
model had to be determined by comparing samples simulated with POWHEG and
MC@NLO using either PYTHIA or HERWIG for hadronization, and it was found
to be typically of the order of a few percent. The dominant systematic uncertainties
on the normalized differential cross sections originated from the jet energy scale, the
lepton selection, the b-tagging, and from signal modeling uncertainties. The cross
sections were measured differentially as function of leptonic variables such as pT,l,
yl, but also as function of kinematics of the top (anti-) quark pT,t, yt, or the tt¯ sys-
tem: pT,tt¯, ytt¯, Mtt¯. The measured cross sections were compared with MADGRAPH,
POWHEG and MC@NLO. Within the uncertainties, good agreement was observed
for all measured distributions. As an example, Fig. 11 (right) shows the differential
cross section as function of ptt¯T , the transverse momentum of the tt¯ system, in the
lepton+jets channel.
Future high statistics data samples will allow more precise measurements, also
using smaller measurement intervals. In addition, double differential cross section
measurements will become possible, which will allow more detailed comparisons
with theory.
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5. Top Quark Mass
As discussed in section 2, the mass of the top quark mt is a fundamental parameter
of the SM. At the Tevatron, mt has been measured precisely by the CDF and D0
experiments and the combined value is mt = 173.2± 0.9 GeV 3. For recent reviews
on Tevatron mt measurements, see Refs. 219, 220.
In the following, the initial direct measurements at the LHC of mt, as well as
indirect extractions using the measured cross section, are discussed. In addition, a
measurement of the mass difference between the top quark and its anti-quark is
presented. Previous studies on mt measurements at LHC based on simulation can
be found in Refs. 178, 221, 222 for CMS and in Refs. 105, 223 for ATLAS.
5.1. Direct measurements
5.1.1. Di-lepton channel
CMS measured the top quark mass in the di-lepton channel using Lint = 36 pb
−1
of 2010 data 184. The event selection followed closely the one of the cross section
measurement in this channel using the same dataset (see section 4.2.1), requesting
at least two jets. The b-tagging information was used in order to improve the prob-
ability of choosing the correct jets in the reconstruction of the tt¯ system. For each
tt¯ event, its properties are described by 24 variables (the four-momenta of the six
final state particles). Because of the presence of two neutrinos in the final state, the
mt reconstruction in the di-lepton channel results in an under-constrained system.
By applying mass constraints, such as mW = 80.4 GeV or mt = mt¯, in addition to
the measured quantities, the number of unknown parameters can be reduced from
24 to one. The mass measurement was carried out using two different methods,
originally developed at Tevatron, which differ in the way this remaining unknown
is constrained. They are the Matrix Weighting Technique (MWT) 224 and the fully
kinematic method (KIN) 225. The improved methods AMWT (analytical MWT)
and KINb (KIN using b-tagging) are discussed in the following.
In the KINb method, the kinematic equations describing the tt¯ system are solved
many times per event for each lepton-jet combination. Each time, the event is
reconstructed by varying independently the jet momentum components and the 6ET
direction within their resolutions. In parallel, the unmeasured value of ptt¯z is drawn
randomly from a simulated distribution, to fully constrain the tt¯ system. For each set
of variations and each combination, there are up to four solutions of the kinematic
equations, and the one with the smallest Mtt¯ is accepted if |mt − mt¯| < 3 GeV.
For each event, the jet-lepton combination with the largest number of solutions
is chosen and the mass is found by fitting the peak of the mt distribution of all
solutions from the event.
In the AMWT method, the mass of the top quark is used to fully constrain the
tt¯ system. The analytical method proposed in Ref. 226 is used to determine the
neutrino momenta. For a given mt hypothesis, the constraints and the measured
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observables restrict the pT of the neutrinos to lie on ellipses in the px-py plane,
and their intersections provide the solutions that fulfill the constraints. With two
possible lepton-jet combinations, there are up to eight solutions for the neutrino
momenta for a given hypothesis of mt. Each event is reconstructed many times
scanning mt in 1 GeV intervals from 100 to 300 GeV. Solutions are often found
for large mass intervals. In order to determine a preferred mt value, a weight
227
is assigned to each solution which takes into account the PDF and the probability
to observe a charged lepton of a particular energy given the assumed mt. For each
mt value, the weights are added for all solutions. Detector resolution effects are
taken into account by varying the reconstructed momenta within their resolutions,
and averaging the corresponding weights. For each event, the mt with the highest
averaged weight is taken.
In both methods, a maximum likelihood fit to the reconstructed mt distribution
is performed to extract the final mt value, and a calibration is performed using
pseudo-experiments. Fig. 12 (left) shows the mt distribution obtained with the
AMWT method. The minimum value of the negative log-likelihood is taken as
the measurement of mt. The results of the two measurements, which agreed with
each other, were combined using the BLUE 209 method, taking into account the
statistical correlation of 57%. The result, in which the weight of the AMWT (KINb)
measurements is 0.65 (0.35), was
mt = 175.5± 4.6 (stat.) ± 4.6 (syst.) GeV . (27)
The dominating systematic uncertainties were due to the b-tagging and the jet
energy scale uncertainty, where the latter included an overall and a b-jet specific
contribution 121, as well as due to signal modeling, simulation of pile-up and under-
lying event, and the PDF uncertainty.
An updated measurement using Lint = 2.3 fb
−1 of 2011 data was performed
employing the KINb method 228, and using events with at least one b-tagged jet.
The result was
mt = 173.3± 1.2 (stat.) +2.5−2.6 (syst.) GeV , (28)
which constitutes the most precise mt measurement in this channel to date.
5.1.2. Lepton+jets channel
CMS performed a measurement 230 of mt in the lepton+jets channel using the
2010 dataset of Lint = 36 pb
−1. The event selection corresponded to the one
used in the cross section measurement without b-tagging using the same channel
and dataset 198, discussed in section 4.3.2. Around 800 events with one electron or
muon and at least four jets were selected. A secondary vertex b-tagging algorithm
was used in the mass measurement, but not in the event selection. The top quark
mass was measured using the Ideogram method, which had previously been used for
mW measurements at LEP
231 as well as for mt measurements at Tevatron
232,233.
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Fig. 12. Left: Reconstructed mt distribution using the AMWT method in the di-lepton channel
from CMS 184, showing also the total background plus signal model, and the background-only
shape. The inset shows the likelihood as function of mt. Right: Simultaneous determination of mt
and a jet energy scale factor JSF in the µ+jets channel from ATLAS 229.
In this method, a constrained kinematic fit is performed for all 24 possible jet-
parton assignments (including the ambiguity due to the pz of the neutrino, con-
strained by requiring mt = mt¯). For each event, a likelihood to observe the event
is calculated as function of the assumed value of mt, consisting of two terms cor-
responding to the probability of the event to be either signal or background. The
signal probability density itself consists of two terms, corresponding to the correct
(wrong) assignment of jets to partons. The signal and background probability densi-
ties are parameterized using analytic functions, derived from simulation. An overall
sample likelihood is constructed by multiplying all event likelihoods. The measure-
ment of mt and its uncertainty is then obtained from the position and shape of the
maximum of the sample likelihood curve. The method is calibrated in simulation
using pseudo-experiments.
The result of the measurement using 2010 data was
mt = 173.1± 2.1 (stat.) +2.8−2.5 (syst.) GeV . (29)
The systematic uncertainty was largely dominated by the jet energy scale uncer-
tainty. Other important contributions were due to the signal and background mod-
eling. The combination of this measurement with the one in the di-lepton channel
discussed in section 5.1.1 using the BLUE method yielded
mt = 173.4± 1.9 (stat.) ± 2.7 (syst.) GeV , (30)
consistent with the world average.
A simultaneous measurement of mt and the jet energy scale was performed
by CMS in the muon+jets channel, using the full 2011 dataset corresponding to
Lint = 4.7 fb
−1 234. Around 2400 events were selected in the final state with one
muon and at least four jets, of which at least two were required to be identified as
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b-jets. The measurement was performed by employing a kinematic fit and extend-
ing the ideogram method discussed above. Two-dimensional (2d) event likelihoods
were constructed as function of mt and a jet energy scale parameter. The latter
was estimated in-situ using the reconstructed W -boson mass, before mW was con-
strained to the world average value in the kinematic fit. The most likely values for
mt and the JES parameter were obtained by minimizing the 2d sample likelihood,
obtained from multiplying the event likelihoods. The method was calibrated using
pseudo-experiments, and the result for mt was
mt = 172.6± 0.6 (stat.+ JES)± 1.2 (syst.) GeV , (31)
while the JES parameter was found to be consistent with unity: 1.004±005 (stat.)±
0.012 (syst.) . Important contributions to the systematic uncertainty came from the
b-jet energy scale uncertainty and the signal modeling. The total uncertainty of this
result is below 1%, an impressive achievement in this early phase of LHC operation.
However, it should be noted that the uncertainty due to the modeling of color
reconnection and the underlying event have not been evaluated yet. As a cross
check, the analysis performed on 2010 data 230 discussed above was repeated on the
2011 dataset in the muon+jets channel. The result was mt = 172.6± 0.2 (stat.) ±
1.8 (syst.) GeV, consistent with the main analysis.
ATLAS presented measurements of mt in the lepton+jets channel with three
different methods, using 2010 data ( Lint = 35 pb
−1) 235 and also 2011 data ( Lint =
1.04 fb−1) 229. In the analyses, events were used which contained exactly one isolated
lepton and at least four jets, of which at least one was required to be identified as
b-jet.
The first method (1d-R32) is a one-dimensional (1d) template analysis which is
based on the measurement of the mass ratio R32 = m
reco
t /m
reco
W . Using this ratio
provides stability against jet energy scale variations and avoids the need for an
in-situ calibration technique. For each event, the three jets which maximize their
vectorially summed pT are assumed to originate from the hadronically decaying
top quark. The two out of three jets originating from the hadronically decaying W -
boson are found trivially in case one of the three jets is b-tagged, while otherwise the
two jets with smallest ∆R are chosen. The reconstructed R32 distribution can be
described by the sum of signal and background templates. An un-binned likelihood
fit was performed to the data, from which the value of mt was determined. The
calibration of the method was verified, and its systematic uncertainties evaluated,
using pseudo-experiments with simulated samples. Using 2010 data, the result was
mt = 169.3± 4.0 (stat.) ± 4.9 (syst.) GeV , (32)
corresponding to the most precise ATLAS measurement using 2010 data. The sys-
tematic error is dominated by contributions due to the jet energy scale uncertainty,
as well as the signal modeling and the background normalization. In the 2011 ver-
sion of this analysis, the jet triplet to calculate R32 was chosen using a kinematic fit
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maximizing an event likelihood, which considerably improved the correct jet match-
ing probability. The updated result was mt = 174.4± 0.9 (stat.) ± 2.5 (syst.) GeV,
less precise than the one based on the same dataset employing the 2d-analysis (see
below).
The second method (2d-analysis) is a 2d template analysis in which mt and
a global jet energy scale factor (JSF) are determined simultaneously, using the
mrecot and m
reco
W distributions. The value of JSF is mainly determined from the
difference between observed and predicted mrecoW distribution, which results in a
reduced systematic uncertainty of mt. Also, the known value of mW is used to
improve on the resolution on mt. For each event, a kinematic fit was performed
imposing the hypothesis of a W -boson decay for each pair of non-b-tagged jets for
which the value of mrecoW was within a window of approx three sigma around the
peak of the distribution. The fit provides the best light jet combination per event
and the corresponding parton scale factors for their jet energies. The hadronic top
quark was then reconstructed by adding the b-jet to this jet pair, and mrecot was
calculated using the rescaled light jet energies. Templates depending on mt and
the JSF were constructed for mrecot , while those for m
reco
W depend only on JSF.
Fitting the templates to the distributions observed in data, the result using the
2010 dataset was mt = 166.1 ± 4.6 (stat.) ± 4.4 (syst.) GeV, where the measured
JSF was 1.08+0.04−0.06 (stat.) (1.01
+0.05
−0.05 (stat.) ) in the electron (muon) channel. The
systematic uncertainty on mt due to the jet energy scale was significantly reduced,
as expected, while the statistical error of the measurement was somewhat increased.
In the 2011 version of this analysis, the kinematic fit was not used to select the best
light jet combination, but was only used to determine the scale factors for the jet
energies. Instead, every light jet pair was combined with every b-tagged jet and the
triplet with the maximum pT defined the top quark candidate. The result of the 2d
maximum likelihood fit for the µ+jets channel is shown in Fig. 12 (right), and the
value of mt was determined as
mt = 174.5± 0.6 (stat.) ± 2.3 (syst.) GeV . (33)
The statistical uncertainty is of the same size as the one of the Tevatron combi-
nation. Important contributions to the systematic uncertainty originated from the
relative jet energy scale uncertainty for b-jets with respect to light jets, as well as
from various aspects of the signal modeling (choice of MC generator, amount of
ISR/FSR). In particular, the uncertainties due to the modeling of the underlying
event and of color reconnection effects were estimated to be of the order of 0.6 GeV
each. The latter was obtained from using two different assumptions on the size of
color reconnection.
A third method (1d-kinfit), was also applied to the 2010 dataset. It employed a
1d template analysis using a kinematic likelihood fit, which was used to relate the
observed objects to parton level predictions, employing transfer functions obtained
from simulation. It yielded a consistent, but less precise measurement compared
with the other methods.
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5.1.3. Hadronic channel
ATLAS measured mt in the hadronic channel using Lint = 2.04 fb
−1 of data 236.
The event selection matched the one used in the cross section measurement in the
same channel (section 4.6). For each event and jet permutation, a χ2 function, which
tests the compatibility of the reconstructed mjj and mjjb invariant masses with the
expected values for mW and mt, was minimized as a function of mW and mt, and
the combination with the smallest χ2 value was taken. For the determination of the
two mjjb values per event which enter the mt extraction, the untagged jet energies
were rescaled according to the ratio of measured and expected mW values. The
value of mt was extracted using a binned maximum likelihood fit to the mjjb distri-
bution, employing mt-dependent signal templates from simulation, and background
templates modeled using an event mixing technique. The result was
mt = 174.9± 2.1 (stat.) ± 3.8 (syst.) GeV , (34)
and the systematic error was dominated by the jet energy scale uncertainty as well
as the modeling of signal and background templates.
5.1.4. Summary and outlook
Fig. 13 shows a summary of the mt measurements at the LHC, compared with
the current Tevatron average. In addition, CMS performed a combination of their
measurements 237, which yielded
mt = 172.6± 0.4 (stat.) ± 1.2 (syst.) GeV . (35)
Future measurements of mt with the goal to reduce the total uncertainty well
below one GeV need to improve considerably on the understanding of the uncer-
tainties related to the modeling of top quark pair production in the simulation. This
concerns in particular effects due to perturbative higher order corrections, but also
the modeling of hadronization, the underlying event and color reconnection. For
instance, the latter is expected to induce additional uncertainties of the size of the
order of one GeV 89. Beyond merely studying the impact of such effects by compar-
ing various models, the data themselves should be used to constrain these sources
of uncertainty. This could be done for instance by performing measurements of mt
in a differential way, e.g. as a function of pT of the top quark, or other variables.
Such differential measurements become possible due to the large top quark event
samples produced at LHC.
Regarding experimental uncertainties, one important area for potential improve-
ment concerns the knowledge of the jet energy scale. Given the already achieved
accuracy, large improvements may not happen on a short time scale. On the other
hand, methods to measure mt which simultaneously constrain the JES, ideally sep-
arately for light quark and b-jets, are very promising. In addition, it will be impor-
tant to apply different measurement techniques with complementary systematics.
Examples are methods employing the correlation of mt with the lepton pT (which
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Fig. 13. Summary of measurements of mt performed at LHC, compared with the Tevatron aver-
age.
is expected to be less sensitive to modeling of underlying event and color recon-
nection) or the transverse decay length of a b-tagged jet, both having already been
applied at the Tevatron 238,239,240. Another method, described in Refs. 241, 222,
uses leptonic W -boson decays and J/ψ → ll final states from the fragmentation of
the b-quark, employing the correlation of mt with the invariant mass of the lepton
from the W -boson decay and the J/ψ. All of these methods have the advantage
that they are largely independent of the jet energy scale, and are feasible given
the large samples of tt¯ events available at LHC. Other ideas include making use
of the invariant mass of the lepton and the b-jet 242, for which NLO QCD predic-
tions are available 45, or of the tt¯ invariant mass distribution 243. As far as tools
are concerned, an extension to NLO of the matrix element method 244, which was
employed for mt measurements at Tevatron, has recently become available
245.
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Fig. 14. Left: Dependence of the ATLAS tt¯ cross section measurement, as well as of various
theory calculations, on mt 246. Right: Summary of indirect measurements of m
(pole)
t from various
experiments 247.
Improved understanding is also needed on the theoretical meaning of the mea-
sured mt, which is usually identified with m
(MC)
t = m
(pole)
t , but which faces an
uncertainty due to non-perturbative effects. In addition, future global electroweak
fits using very precise measurements of mt and mW as (uncorrelated) inputs may
need to consider the fact that often constraints on mW are applied in measurements
of mt, though this is not yet an issue given the present precision on mt.
5.2. Indirect mass measurement from the cross section
Direct measurements of mt, as the ones discussed in the previous sections, rely on
experimental observables sensitive to mt, as well as on a calibration of the method
with the use of MC simulation which introduces modeling uncertainties. Moreover,
the measurement is performed with respect to a definition of mt in the MC generator
which usually does not exactly correspond to a specific renormalization scheme. An
alternative approach for the extraction of mt is provided by the dependence of
the tt¯ cross section on the top quark mass, σtt¯(mt), as calculated in perturbative
QCD. This dependence is several (about 4-5) times larger than the dependence
of the experimental acceptance on the mt value used in the MC simulation in
the σtt¯ measurement. Therefore, experimental measurements of the cross section
can be used for an indirect determination of mt. Besides the complementarity, this
method allows to extract mt in well-defined renormalization schemes used in the σtt¯
calculation, in particular using the pole mass m
(pole)
t or MS-mass m
(MS)
t definitions.
Both ATLAS 246 ( Lint = 35 pb
−1, using the cross section measurement in the
lepton+jets channel with b-tagging) and CMS 247 ( Lint = 1.14 fb
−1, using the
cross section measurement in the di-lepton channel) performed such extractions,
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following the technique used by D0 as described in Ref. 248. The mass value was
extracted by maximizing the likelihood function
L(mt) ∼
∫
fexp(σtt¯|mt)fth(σtt¯|mt)dσtt¯ , (36)
where fexp and fth are probability density functions parameterizing either the de-
pendence of the experimentally measured cross section on mt via the acceptance,
or the dependence of the theory cross section on mt, respectively, including the
corresponding uncertainties (Fig.14, left).
A compilation of m
(pole)
t determinations from ATLAS, CMS and D0 using the
theory calculations of Langenfeld et al. 60, Kidonakis 63 and Ahrens et al. 64, all
interfaced with the MSTW08NNLO PDF, is shown in Fig. 14 (right). The uncertain-
ties on the extracted m
(pole)
t values at LHC were of the order of O(7−8 GeV). They
included, in addition to the uncertainties in the theory cross section (due to factor-
ization scale and PDF) and those in the cross section measurement, a contribution
from the assumption of identifying the mass used in the MC generator with the
pole mass m
(MC)
t = m
(pole)
t . The latter was evaluated by varying m
(MC)
t ± 1 GeV.
CMS also included an additional uncertainty from varying αs(MZ) in the PDF. The
extracted m
(pole)
t values were found to be consistent with the direct measurements,
as well as with the world average.
CMS also performed an extraction of mt in the MS scheme and the results
are m
(MS)
t = 163.1
+6.8
−6.1 GeV using the calculation from Langenfeld et al.
60, and
m
(MS)
t 159.8
+7.3
−6.8 GeV using the one from Ahrens et al.
64, respectively. In addition,
mt extractions in both mass schemes were performed by CMS using the HERA-
PDF15NNLO PDF set, yielding mt values which are 1.2-1.5 GeV higher compared
with the ones obtained when using MSTW08NNLO.
Future measurements of σtt¯ with reduced uncertainty, as well as improved theory,
in particular the full NNLO QCD calculation, will allow for more precise determi-
nations of mt in a well defined renormalization scheme, and provide an important
cross check of the direct measurements.
5.3. Mass difference between t and t¯
A difference in mass between particle and anti-particle would indicate a violation of
CPT symmetry. Since the top quark has a very short lifetime and decays before it
can hadronize, it is the only quark for which the quark - anti-quark mass difference
can be directly measured. Previous measurements of the top quark - anti-quark
mass difference were performed at the Tevatron 249,250.
CMS presented a measurement of ∆mt = mt−mt¯ using Lint = 4.96 fb−1 of 2011
data 251. The analysis used the lepton+jets channel and the ideogram method, as
discussed in section 5.1.2, to measure mt(t¯) separately in the µ
++jets and µ−+jets
sub-samples. The method was modified in this analysis to use a different kinematic
fit and only the hadronic part of the tt¯ decay. Having obtained individual measure-
ments of mt and mt¯, the two measurements were subtracted to calculate ∆mt. Most
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of the systematic uncertainties important for a measurement of mt are expected to
be significantly reduced or cancel out completely when measuring the mt-mt¯ dif-
ference. On the other hand, the measurement could be influenced from systematic
effects related to lepton charge identification or a possible asymmetry in jet response
to b and b¯ quarks. The final result was
∆mt = −0.44± 0.46 (stat.) ± 0.27 (syst.) GeV , (37)
where the precision of the measurement was limited by the statistical uncertainty,
and the dominant contributions to the systematic uncertainty arose from the b-
vs. b¯-jet response, pile-up modeling, cross section difference between W+ and W−
background, and the statistical uncertainty on the difference in mass calibration
between the two sub-samples. The measured value is in agreement with the SM
expectation. This represents the most precise measurement to date of this quantity.
6. Other Properties of Top Quarks and their Interactions
In this section, further measurements of the properties of top quarks and their
interactions are discussed, such as measurements of the top quark charge, the ratio
of branching fractions R = BR(t→ Wb)/BR(t→ Wq), tt¯ spin correlation and W -
boson polarization in top decays, the production of tt¯ in association with a photon,
the charge asymmetry in tt¯ production, and finally a measurement of additional jet
activity in tt¯ events.
6.1. Top quark charge
In the SM, the top quark has a charge Q = + 23e, which can be verified experimen-
tally by measuring the charges of its decay products. In particular, the hypothesis
that an exotic quark with charge Q = − 43e is produced can be tested. Previous
measurements at the Tevatron 90,91 have excluded this possibility at 95% CL. A
study for the LHC based on simulation can be found in Ref. 105
ATLAS presented a measurement of the top quark charge using Lint = 0.70 fb
−1
of 2011 data in the lepton+jets channel 252. In the t → lνlb decay mode, the mea-
surement of the lepton charge is straightforward, but it must be combined with a
charge measurement of the b-quark, which has fragmented to a jet, in order to obtain
the top quark charge. Two methods were used for the b-quark charge determina-
tion. The first uses a weighted sum of the charges of tracks associated with the b-jet
(track charge method), while the second employs the charge of the lepton produced
in a semi-leptonic b-decay (soft lepton method). The soft lepton method uses the
fact that the charge of the soft muon produced in the semi-leptonic decay b→ µνX
(BR ∼ 11%) is equal to the b-quark charge. However, this correlation is diluted due
to cascade decays involving a c-quark b → c → µνX as well as due to B0-meson
oscillations. Events were selected in a similar way as for ATLAS measurements of
mt in the same channel, requiring one isolated lepton and at least four jets, one
of which had to be b-tagged. In addition, for the track charge method, a second
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Fig. 15. Left: Distributions of the average charge product for the charge weighting method for
SM and exotic top quark charge scenarios, compared with the measured value from ATLAS 252.
Right: Distribution of the difference in azimuthal angle of the two leptons in the ATLAS spin
correlation measurement 253.
b-jet was required, while for the soft lepton method, a muon with pT > 4 GeV
had to be identified in one of the jets. In both methods, the average charge product
< Qcomb = Ql ·Qb−jet > of lepton and b-jet was evaluated and the results were found
to be consistent with standard model expectations. While statistical and systematic
uncertainties were of similar size, the latter were dominated by the signal model-
ing in simulation. The (dis-) agreement of the measurement with the theoretically
expected values for a top quark with charge − 43 or + 23 was statistically interpreted
to derive an exclusion of the production of an exotic top quark with charge − 43
(Fig. 15 left), and both charge reconstruction methods yielded an exclusion of the
exotic scenario with more than five sigma CL.
CMS performed a similar measurement in the muon+jets channel, using a
dataset corresponding to Lint = 4.6 fb
−1 254. Events containing one isolated muon
and at least four jets were selected, of which two were required to be b-tagged.
Invariant mass constraints were applied in order to associate the b-jets with the
leptonic and hadronic top decays. Similarly to the soft lepton method used by AT-
LAS, the b-quark charge was obtained requiring a soft muon in one of the b-jets
(pT > 4 GeV, ∆R < 0.4), originating from a semi-leptonic decay of the B-hadron.
The b-quark leading to the other b-jet was defined to be of opposite charge. The
overall precision of the measurement could be improved by applying the require-
ment pT,rel > 0.85 GeV on the transverse momentum of the muon with respect to
the jet axis. The b-charge assignment purity was found to be consistent between
simulation and data, using a control sample enriched in QCD bb¯ production. Ac-
cording to the charge, the events were assigned to two categories, − 43 and + 23 , and
an asymmetry was constructed, taking into account background and dilution fac-
tors. The systematic uncertainty was dominated by the b-jet charge assignment and
the signal modeling. The measured asymmetry was found to be in agreement with
the SM prediction, and the exotic top quark charge of − 43 could be excluded with
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high significance.
The cross section for the production of a tt¯ pair in association with a photon is
also sensitive to the top quark charge, see section 6.5.
6.2. Measurement of R
As discussed in section 2.3, a deviation from unity of the measured value of the ratio
of branching fractions R = BR(t→Wb)BR(t→Wq) could be an indication of a fourth generation
of fermions, and a recent result from D0 82 yielded a value which is around 2.5σ
smaller than unity.
CMS performed a measurement of R using a data sample corresponding to
Lint = 2.2 fb
−1 in the di-lepton channel 255. The event selection followed the one of
the cross section measurement in this channel, and the dominant background from
Drell-Yan production was estimated from data. The value of R was determined
from a profile likelihood fit to the observed multiplicities of reconstructed b-jets,
which took into account the b-tagging efficiency and mis-tagging rate, as well as
contributions from non-top backgrounds and events with mis-assigned jets, obtained
using a data-driven method. Events were considered not only with two, but also with
three reconstructed jets, in order to constrain the contribution of jets from ISR. The
result was
R = 1.00± 0.04 (stat.+ syst.) , (38)
where the systematic uncertainty was dominated by the knowledge of the b-tagging
efficiency, as well as the signal modeling. Using a Feldman-Cousins frequentist
method, the 95% CL interval was determined as 0.85 < R < 1.0. The measure-
ment is in very good agreement with the SM.
6.3. tt¯ spin correlation
The lifetime of the top quark is more than one order of magnitude smaller than
the timescale for hadronization. It is thus possible to measure the spin correla-
tion between the tt¯ pair from angular correlations of their decay products and test
the corresponding SM predictions 256,43,46,257,258. In addition, many scenarios for
physics beyond the standard model suggest different production and decay prop-
erties of top quarks, which would also show up in spin correlation effects that are
different than the SM predictions, see, e.g., Refs. 259,260,261,243. Because of the dif-
ferent production mode and energy, spin correlation measurements at the Tevatron
and the LHC are complementary. The most recent Tevatron measurement by D0
reports a 3.1σ evidence for spin correlation 262. Previous simulation studies on the
potential of spin correlations measurements at LHC can be found in Refs. 263, 264,
265, 105 (ATLAS) and 266 (CMS).
In standard model top quark decays, the angular distributions of the decay prod-
ucts of a polarized sample of top quarks are given by 1N
dN
d cos(θi)
= 12 [1 + αi cos(θi)],
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where θi is the angle between the direction of the decay particle in the top quark
rest frame and the spin quantization direction, and αi is a coefficient expressing the
spin analyzing power of the decay particle. Charged leptons and down-type quarks
from the W-boson decay have values of αi close to one and are thus the most ef-
fective spin analyzers. However, jets from up-type and down-type quarks can not
be distinguished well experimentally. Therefore, spin correlations can be well mea-
sured using di-lepton events. A correlation coefficient is defined as the fractional
difference in the number of events where the spins of the top quark pair are aligned
and those where they have opposite alignment: A = N(↑↑)+N(↓↓)−N(↑↓)−N(↓↑)N(↑↑)+N(↓↓)+N(↑↓)+N(↓↑) . It re-
quires the definition of two spin analyzing vectors for the top and anti-top quarks.
In the helicity basis, they are given by the direction of flight of the top quark in
the tt¯ center-of-mass frame, and defined such that the spin analyzing vectors of top
and anti-top have opposite sign. The LHC maximal basis 257 on the other hand
describes a basis for which A is maximal for top pairs produced by gluon fusion.
ATLAS performed a test of the hypothesis that the size of the tt¯ spin correla-
tion is as expected from the SM, as opposed to the hypothesis that the spins are
uncorrelated, using a sample of di-lepton events corresponding to Lint = 2.1 fb
−1
of 2011 data 253. The event selection and background estimation was performed in
a very similar way compared with the cross section measurement in the di-lepton
channel without b-tagging and using the same dataset, see section 4.2.2. Simulated
tt¯ samples with and without SM spin correlation were generated using MC@NLO.
The measurement of the spin correlation used the absolute difference in az-
imuthal angle between the two charged leptons, ∆φ = |φl+ − φl− |, which has the
advantage that no full reconstruction of the tt¯ system is required. No requirement
on Mtt¯ was applied. Although this observable is less discriminating between SM-
correlated and uncorrelated events 46 than the corresponding ∆φ for low-energy
di-lepton events with an upper limit on Mtt¯
258, it can be measured in a more
straightforward way. The correlation coefficient A was derived by performing a max-
imum likelihood fit to the measured ∆φ distribution (Fig. 15, right), using a linear
superposition of that expected from simulations with and without spin correlation.
The resulting measurement of the relative fraction of events with spin correlation
yielded a value of fSM = 1.30 ± 0.14 (stat.) +0.27−0.22 (syst.) . The systematic uncer-
tainties were evaluated using pseudo-experiments and dominated by contributions
from the jet energy scale, resolution and efficiency, from fake leptons as well as from
signal modeling.
The result was also transformed into the correlation coefficient Ahel. = 0.40 ±
0.04 (stat.) +0.08−0.07 (syst.) using the helicity basis, or alternatively into Amax. = 0.57±
0.06 (stat.) +0.12−0.10 (syst.) using the LHC maximal basis. These values are in good
agreement with the parton level SM predictions of Ahel. = 0.31 (from Ref. 46) and
Amax. = 0.44 (using MC@NLO). The hypothesis of zero spin correlation could be
excluded with an observed (expected) significance of 5.1σ (4.2σ).
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6.4. W polarization in top quark decays
Since the top quark decays almost exclusively as t → Wb, top quark production
allows to study the properties of the Wtb vertex, for instance by measuring the
polarization of the W -bosons produced in top-quark decays. In the electroweak
interaction, the Wtb vertex has a V-A structure, where V (A) is the vector (axial-
vector) contribution to the vertex. The polarization of theW -bosons produced in top
quark decays can be either longitudinal (helicity 0), left- or right-handed (helicities
±1), and the corresponding partial widths are labeled Γ0,R,L. Neglecting the b-quark
mass, ΓR should be zero at tree level. The relative event rates or helicity fractions
Fi = Γi/Γ (F0 +FL +FR = 1) are predicted in NNLO QCD as F0 = 0.687± 0.005,
FL = 0.311± 0.005 and FR = 0.0017± 0.0001 267.
Defining cos θ∗ as the angle between the direction of the charged lepton from
the W -boson decay and the reversed direction of the b-quark from the top quark
decay, both boosted into the W -boson rest frame, the differential decay rate is
1
Γ
dΓ
d cos θ∗
=
3
8
(1 + cos θ∗)2FR +
3
8
(1− cos θ∗)2FL + 3
4
(1− cos2 θ∗)F0 . (39)
This can be used to measure the helicity fractions Fi from studying the shape of
the cos θ∗ distribution. Another method to obtain information about the helicity
fractions is to measure angular asymmetries A± =
N(cos θ∗>z)−N(cos θ∗<z)
N(cos θ∗>z)+N(cos θ∗<z) . If one
defines z = ∓(22/3−1), then the asymmetry A+ (A−) depends only on FR (FL) and
F0, respectively, and the helicity fractions can be determined in a straightforward
way. The SM NNLO QCD values for the asymmetries are A+ = 0.537± 0.004 and
A− = −0.841± 0.006 267.
Deviations of the values of the helicity fractions Fi or angular asymmetries A±
from their SM predictions could be due to new physics beyond the SM contributing
to the Wtb vertex, arising from new interactions involving the top quark at higher
energies. In an effective field theory approach 268,269,270, new physics above the
electroweak symmetry breaking scale can be parameterized in terms of an effective
Lagrangian in a model independent way using dimension-six operators which are
invariant under the SM gauge symmetry. After electroweak symmetry breaking, the
resulting general form of the Wtb Lagrangian is:
LWtb = − g√
2
b¯γµ(VLPL+VRPR)tW
−
µ −
g√
2
b¯
iσµνqν
MW
(gLPL+gRPR)tW
−
µ +h.c. , (40)
where
VL = Vtb+C
(3,3+3)
φq
v2
Λ2
, VR =
1
2
C33∗φφ
v2
Λ2
, gL =
√
2C33∗dW
v2
Λ2
, gR =
√
2C33uW
v2
Λ2
. (41)
Here, Λ is the new physics scale and the C are the effective operators coefficients.
The anomalous couplings VR, gL and gR are absent in the standard model at tree
level, while the SM coupling Vtb receives a correction from the operator C
(3,3+3)
φq .
In the presence of such anomalous Wtb couplings, the helicity fractions and angu-
lar asymmetries would deviate from their SM expectations, such that constraints
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Fig. 16. Left: ATLAS fit to the observed cos θ∗ distribution in the lepton+jets channel, from which
the W -boson helicity fractions are determined 271. Right: Allowed regions of the Wtb anomalous
couplings (gL, gR), determined from the CMS measurements of the helicity fractions
273.
on these new couplings can be obtained from the helicity measurements. Previous
feasibility studies for W -boson helicity and anomalous coupling measurements at
LHC can be found in Refs. 264, 265, 105.
ATLAS reported measurements 271 of helicity fractions and angular asymme-
tries in top pair production at LHC using Lint = 1.04 fb
−1 and employing both the
lepton+jets and di-lepton channels. An earlier result using 2010 data can be found
in Ref. 272. The event selections in the lepton+jets and di-lepton channels were
very similar to the ones used in the tt¯ cross section measurements using the same
datasets, as discussed in previous sections. Top quark pairs were reconstructed in
the single lepton channel by maximizing a kinematic likelihood function (similar
as done in the top mass measurement in the same channel using 2011 data, see
section 5.1.2). In the di-lepton channel, a set of kinematic equations is solved using
the minimum ml1j1 +ml2j2 to identify the jet-lepton pairing, and imposing mt and
pz of the neutrinos as kinematic constraints. For the measurement of the angu-
lar asymmetries, a χ2 minimization technique was used in case of the lepton+jets
channel, while in the di-lepton channel, the same method as described above was
employed. The W -boson helicity fractions were measured by performing a binned
maximum likelihood fit to the observed cos θ∗ distribution (Fig. 16 left), using sig-
nal templates corresponding to the three helicity states (considering efficiencies and
acceptances) as well as various background templates. In the fit, the normalizations
of the background templates and the corresponding uncertainties were set to the
expected values. The angular asymmetries were measured by subtracting the ex-
pected background from the observed event numbers above and below the value of
z in the cos θ∗ distributions and applying an iterative unfolding procedure.
The measured helicity fractions are presented in Table 3, combining the individ-
ual measurements in the lepton+jets and di-lepton channels. The final results were
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Table 3. ATLAS 271 and CMS 273 measurements of W -boson helicity fractions,
as well as derived limits on anomalous Wtb couplings. The first (second) uncer-
tainty corresponds to the statistical (systematic) error.
Measurement ATLAS (l+jets + di-lepton) CMS (l+jets, prelim.)
F0 0.67± 0.03± 0.06 0.57± 0.07± 0.05
FL 0.32± 0.02± 0.03 0.39± 0.05± 0.03
FR 0.01± 0.01± 0.04 0.04± 0.04± 0.04
F0 (FR = 0) 0.66± 0.03± 0.04 0.64± 0.03± 0.05
ReVR ∈ [−0.20, 0.23] –
RegL ∈ [−0.14, 0.11] –
RegR ∈ [−0.08, 0.04] −0.07± 0.05+0.07−0.08
Re(C33uW )
Λ2
[ TeV−2] ∈ [−0.9, 2.3] −0.81± 0.62+0.85−0.95
in turn obtained by combining the extractions of the helicity fractions using both
the cos θ∗ template fit as well as the angular asymmetry measurements, which were
found to be consistent with each other. The dominating contribution to the sys-
tematic uncertainties originated from the signal and background modeling (choice
of MC generator, amount of ISR/FSR, etc.), mis-identified leptons, jet energy scale
uncertainty, as well as uncertainties associated with the tt¯ reconstruction and tem-
plate fit methods. Fixing FR at zero and using the template fit method only yielded
the result also shown in Table 3. The measured values of the angular asymmetries
were A+ = 0.52 ± 0.02 ± 0.03 and A− = −0.84 ± 0.01 ± 0.02 in the lepton+jets
channel, and A+ = 0.56±0.02±0.04 and A− = −0.84±0.02±0.04 in the di-lepton
channel, respectively.
The combined measurements of the helicity fractions were used to derive limits
on anomalous couplings gL and gR (setting VL = 1, VR = 0) using the TOPFIT
program 274,275. Allowing only one coupling at a time to be non-zero, the 95%
CL intervals on single anomalous couplings were obtained. The results are listed
in Table 3. These limits are consistent with the standard model, and improve the
ones obtained by D0 276. A 95% CL limit on the operator coefficient C33uW is also
obtained from the FL measurement where FR was fixed to zero in the context of
Ref. 270, see Table 3.
A similar measurement was performed in the muon+jets channel by CMS, based
on Lint = 2.2 fb
−1 of 2011 data 273. Events which contain one isolated muon and
at least four jets were selected, one of which was required to be b-tagged. The tt¯
system was reconstructed by means of a kinematic fit, imposing mt and mW mass
constraints and considering the b-tagging information. The helicity fractions were
measured by means of a binned maximum likelihood fit to the reconstructed cos θ∗
distribution. The systematic uncertainties were dominated by contributions due to
background normalization and signal modeling. The results for the simultaneous fit
of F0 and FL, as well as for the fit of F0 under the assumption that FR = 0, are
presented in Table 3.
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The measured helicity fractions were used to set limits on anomalous Wtb cou-
plings. Allowing only gR to deviate from zero (no contribution to FR), the fit results
for RegR and correspondingly
Re(C33uW )
Λ2 are in good agreement with the SM (see Ta-
ble 3). The allowed region in the (RegL,RegR) plane when allowing also gL to be
non-zero is shown in Fig. 16 (right).
For both ATLAS and CMS, the results are consistent with, and have compa-
rable or better uncertainties than the measurements at the Tevatron 277,278,279,280.
Measurements of the W -boson helicity can also be combined with single top quark
production measurements in order to constrain the Wtb vertex 281,282.
6.5. tt¯ production in association with a photon
The electroweak couplings of the top quark can be studied by investigating events
where top quark pairs are produced in association with a gauge boson, in particular
using tt¯γ, tt¯W or tt¯Z events. While the latter two topologies require substantial
amounts of integrated luminosity to become accessible at the LHC, the cross section
for tt¯γ production in pp collisions is large enough to be measurable already with the
presently available LHC data sample: the LO cross section (for pT,γ > 8 GeV) times
branching ratio for top pairs decaying in the di-lepton and lepton+jets channels is
0.84 pb at
√
s = 7 TeV. However, more detailed tests of the couplings at the tt¯γ
vertex are only possible with larger integrated luminosities 283. tt¯γ production can
be classified into radiative top quark production, where photons are radiated from
off-shell top quarks or incoming partons, and radiative top quark decay, where a
photon is radiated from an on-shell top quark or its decay products including the
W-boson. Both types of processes interfere with each other. CDF reported first
evidence for tt¯γ production at the Tevatron in Ref. 284.
ATLAS presented a first measurement of the tt¯γ production cross section at
LHC using Lint = 1.04 fb
−1 of data 285. Photons, which can convert into e+e− pairs
by interacting with detector material in front of the calorimeter, were identified by
applying requirements on shower shape and hadronic leakage, and their energy scale
and resolution was measured using Z → ee events. tt¯γ events were simulated using
WHIZARD 286, which takes all contributing LO diagrams into account, and overlap
with photon radiation in the inclusive tt¯ sample is removed.
Events in the lepton+jets channel were selected by requiring one isolated electron
or muon, at least four jets, and at least one b-tagged jet, similarly to the inclusive
tt¯ cross section measurement. In addition, at least one well identified photon with
pT > 15 GeV not close to a jet was requested, with an additional veto applied
in the e+jets channel to reject Z → ee events with an electron misidentified as
photon. The selection yielded around 120 events, while around 50 signal events
were expected. The cross section was measured by performing a template fit to a
track-based photon isolation variable, exploiting the fact that prompt photons tend
to be isolated, while photons produced from hadron decays are usually found close
to a jet. The templates for signal and various backgrounds were determined from
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data. The most important sources of background were hadrons faking photons in
tt¯ events, electrons faking photons in di-lepton tt¯ events and remaining background
contributions from tt¯ events. Non-tt¯ backgrounds included real or fake photons
in W+jets or QCD multi-jet events. The result, corresponding to the tt¯γ cross
section, for photons with pT > 8 GeV, times branching ratio into the di-lepton and
lepton+jets channels, was
σtt¯γ · BR = 2.0± 0.5 (stat.) ± 0.7 (syst.) ± 0.08 (lum.) pb. (42)
The systematic uncertainty was dominated by signal modeling, jet energy scale, b-
tagging performance, photon identification efficiency and the modeling of the back-
ground templates. The observed (expected) significance of the measurement is 2.7σ
(3.0 ± 0.9σ), and the result is consistent with the SM prediction including NLO
corrections from Ref. 287, evaluated for
√
s = 7 TeV.
6.6. Charge asymmetry in tt¯ production
In the context of tt¯ production in (anti-) proton collisions, the term charge asymme-
try usually refers to a difference in the rapidity (or other differential) distributions
of top quarks and anti-quarks. In the SM and at LO QCD, the charge asymmetry
is exactly zero. At NLO QCD, a small asymmetry appears 288,289 in the case of
qq¯ annihilation. It is due to terms in the squared matrix element which are odd
under the exchange of top quark and anti-quark and originate from interference be-
tween Born and box diagrams in the qq¯ → tt¯ process, between initial and final state
radiation in the qq¯ → tt¯g process, and between amplitudes which have a relative
sign difference under the exchange of t and t¯ in the qg → tt¯q process. Measuring
this asymmetry probes perturbative QCD predictions and allows to test many new
physics models where top quark pairs are produced through the exchange of new
heavy particles, for instance axigluons 290,291, Z ′-bosons 292 or Kaluza-Klein ex-
citations of gluons 293. Only in the case of s-channel production and decay into
tt¯ they would lead to distortions of the top pair invariant mass distribution (see
section 8.1), but the existence of such new physics contributions to tt¯ production
could result in a charge asymmetry which deviates from the SM expectation.
At the pp¯ collider Tevatron, the charge asymmetry manifests as a forward-
backward asymmetry in the rapidity difference ∆y = yt − yt¯ between top quarks
and anti-quarks, due to the asymmetric initial state, such that
A =
N+ −N−
N+ +N−
, (43)
becomes non-zero, where N+ (N−) corresponds to the number of events with
positive (negative) values of ∆y. Recent measurements of this quantity by
CDF 294,295,296,297 and D0 298 yielded results which were significantly larger than
the SM prediction of about 8% 288,289,46,299,300,301. For large values of the tt¯ invari-
ant mass Mtt¯ > 450 GeV, CDF found an even larger deviation, which however has
not been confirmed by D0.
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There is no forward-backward asymmetry at the LHC, since the initial state is
symmetric. However, due to the proton PDF, the incoming quarks have on aver-
age more momentum compared with the anti-quarks, which means that the charge
asymmetry results in a rapidity distribution of top quarks which is slightly broader
than that of top anti-quarks. At large rapidities, more top quarks than anti-quarks
are produced, while in the central region, more top anti-quarks than quarks are
produced. This asymmetry can be quantified by considering the difference in ab-
solute (pseudo-) rapidities ∆|η| = |ηt| − |ηt¯| 302 or ∆|y| = |yt| − |yt¯|, respectively.
Alternatively, the variable ∆y2 = (yt−yt¯) ·(yt+yt¯) = y2t −y2t¯ has been proposed 303,
which multiplies the Tevatron observable with a factor accounting for the boost of
the tt¯ system. The corresponding values of the charge asymmetries at
√
s = 7 TeV
as predicted by the SM (defined analogously as in Eq. 43) are AηC = 0.0136±0.0008,
Ay
2
C = 0.0115 ± 0.0006 (as calculated in Ref. 299) and AyC ∼ 0.006 (MC@NLO).
They are much smaller compared with the forward-backward asymmetry at the
Tevatron, also because qq¯ initial states are much less frequent in tt¯ production the
LHC.
Many models attempting to explain the Tevatron forward-backward asymmetry
in terms of new physics have been proposed. For many of them, predictions for the
charge asymmetry at the LHC are also available. While it is impossible to give full
account on all models proposed, we refer to Refs. 304, 305 and references therein
for an overview. However, any proposed model must respect constraints obtained
not only from tt¯ total cross section and invariant mass distribution (see section 8.1)
measurements, but also those from precision electroweak measurements, as well as
from searches for resonances in di-jet production or same-sign top quark production
(see section 8.4).
CMS presented a first measurement of the charge asymmetry at LHC using
Lint = 1.09 fb
−1 of 2011 data in Ref. 306. Events were selected in the lepton+jets
channel requiring exactly one isolated electron or muon and at least four jets, at
least one of which had to be b-tagged, in a manner very similar to the cross section
measurement in the same channel. The selection yielded around 12700 events. Back-
grounds, which contaminated the selected sample at the level of around 20%, were
estimated from data using a technique similar to that applied in an earlier cross
section measurement discussed in section 4.3.2. The tt¯ final state was reconstructed
solving the jet assignment by means of a probability variable which accounts for
the known masses of the two top quarks and the hadronically decaying W -boson,
as well as the b-tagging information. The background subtracted raw asymmetries,
obtained from the reconstructed ∆|η| and ∆y2 distributions, were corrected for inef-
ficiencies and migrations using a regularized unfolding procedure. The method and
its linearity were validated using pseudo-experiments. The results for the unfolded
asymmetries were
AηC = −0.017± 0.032 (stat.) +0.025−0.036 (syst.) , (44)
Ay
2
C = −0.013± 0.028 (stat.) +0.029−0.031 (syst.) .
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Fig. 17. Charge asymmetry as a function of Mtt¯ and pT,tt¯ measured by CMS
307, compared with
predictions from the SM as well as from an effective field theory model 308,309.
The most important contribution to the systematic uncertainties were due to the
signal modeling, estimated by changing the factorization scale and matching thresh-
old, as well as the amount of initial and final state radiation. The result is consistent
with the NLO QCD theory prediction.
CMS also measured the charge asymmetry using ∆|y| as sensitive variable,
both inclusively as well as differentially, with the full 2011 data sample of Lint =
4.7 fb−1 307, and employing techniques very similar to their first measurement. The
differential measurements were performed as a function of absolute rapidity (|ytt¯|),
transverse momentum (pT,tt¯) and invariant mass (Mtt¯) of the tt¯ pair, employing a
two-dimensional regularized unfolding method. The variables chosen enhance the
asymmetry in certain regions of phase space. In the SM, the asymmetry is expected
to depend on Mtt¯ because the ratio of qq¯ to gg induced initial states is increasing
with mass. Furthermore, a new heavy particle with different couplings to top quarks
and anti-quarks may also result in a mass-dependent asymmetry. For the same kine-
matic reason, an increased asymmetry is expected at large |ytt¯| values. At larger
values of pT,tt¯, the negative contribution due to ISR-FSR interference is enhanced.
The linearity of the 2d-unfolding method was validated using pseudo experiments.
Various changes with respect to the previous measurement were applied in the eval-
uation of systematic uncertainties. Predictions at NLO QCD using POWHEG were
preferred to MADGRAPH to simulate the tt¯ signal, eliminating the need for a sys-
tematic uncertainty due to the ME+PS matching scale. The uncertainty due to
the hadronization and shower modeling was evaluated using the difference between
PYTHIA and HERWIG. Various re-weighting scenarios were used to assess the un-
certainty due the assumed dependence on the differential measurement variable. The
ISR/FSR systematic was not separately evaluated and assumed to be mostly cov-
ered by the factorization scale variation. The result for the inclusive measurement
was
AyC = 0.004± 0.010 (stat.) ± 0.012 (syst.) , (45)
in good agreement with the SM theory value. Also the differential measurements are,
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within the present uncertainties, consistent with SM theory expectations. Fig. 17
shows the unfolded asymmetry as a function of Mtt¯ and pT,tt¯, compared with SM
NLO QCD theory as well as with an effective field theory model 308,309 which is
able to explain the large asymmetry measured by CDF.
ATLAS measured the charge asymmetry AyC based on Lint = 1.04 fb
−1 of
data 310. The lepton+jets channel was used, selecting events with one isolated lep-
ton and at least four jets, one of which was required to be b-tagged. Event selection
and background determination were very similar to the ones used in the cross sec-
tion measurement discussed in section 4.3.1. The tt¯ final state was reconstructed
using a kinematic likelihood method, and the measured ∆|y| distribution was un-
folded for acceptance and migration effects using an iterative Bayesian method. The
measurement yielded
AyC = −0.018± 0.028 (stat.) ± 0.023 (syst.) , (46)
where the systematic uncertainty was mostly due to the signal modeling in simu-
lation. The result is consistent with the SM prediction. The asymmetry was also
measured differentially in two intervals of the invariant mass of the tt¯ system (Mtt¯),
employing a 2d unfolding in (AC ,Mtt¯). Within the uncertainties, no deviation from
the SM was found (Fig. 18 left).
The relation between the Tevatron AFB and the LHC AC values is model depen-
dent. Fig. 18 (right) shows correlated predictions for various new physics scenarios,
compared with the experimental measurements made at the two colliders. More
details on the models, which include a new Z ′ or W ′ boson with right-handed cou-
plings, a heavy axigluon, a new scalar doublet and a charge 4/3 scalar, can be found
in Refs. 311, 312. Scans over ranges of masses or coupling were performed, consid-
ering consistency with tt¯ section measurements and new physics contributions at
high Mtt¯ values (see section 8.1). Models invoking a new flavor-changing Z
′ and W ′
boson are disfavored.
In the SM, the size of the forward-backward asymmetry decreases with increasing
pT,tt¯, and it turns negative at around pT,tt¯ ∼ 25 GeV, due to the negative contri-
bution from tt¯+1 jet events. The pT,tt¯ distribution observed by D0
298 is somewhat
softer than the NLO SM prediction, which possibly hints at an effect which may be
correlated with the increased asymmetry. So far LHC data do not seem to indicate
a problem related to the modeling of the pT,tt¯ distribution (see section 4.8), but
besides the different energy regime and production mode, the experimental preci-
sion is still limited. It remains to be seen if mis-modeling of tt¯ production could
potentially serve as (partial) explanation for the discrepancy with the SM observed
at the Tevatron. In this context, it is also interesting to note that even general
purpose LO MC generators with coherent parton or dipole showering may exhibit
an asymmetry 298,313.
In the future, more precise and differential measurements (focusing on kinematic
regions in which the predicted asymmetry is enhanced), as well as additional ob-
servables, for instance a lepton pair asymmetry in di-leptonic tt¯ decays for which
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SM predictions exist 46, are needed in order to clarify whether the LHC data are
consistent with the SM. There are certain differences between ATLAS and CMS
in the evaluation of systematic uncertainties related to the modeling of signal and
background, for instance due to the amount of QCD radiation (so-called ISR/FSR
or scale uncertainties). Some work is needed, and already ongoing, to understand
these differences, aiming at a more homogeneous treatment. This concerns also sev-
eral other measurements in the top quark sector. The theory prediction for the
charge asymmetry in the SM must be updated to NLO QCD f . This may soon
be achieved using techniques based on the recent NNLO QCD calculation of the
qq¯ → tt¯ total cross section 58 (neglecting the small contributions from qg initial
states to the asymmetry).
6.7. Additional jet activity in tt¯ production
Many measurements presented in this review suffer from significant systematic un-
certainties due to the modeling of additional quark and gluon radiation in tt¯ pro-
duction. Experimental data are needed to validate the MC models and reduce these
uncertainties.
ATLAS performed a measurement of tt¯ production with a veto on additional
jet activity using Lint = 2.05 fb
−1 of 2011 data in the di-lepton channel 314. A
clean sample of tt¯ events was obtained by selecting events with two isolated high
pT leptons, two b-tagged jets and large 6ET , following closely previous cross section
measurements in this final state. A gap fraction, defined as the ratio of tt¯ events
with no additional jet above a given pT threshold, was used as sensitive variable.
fThe LO asymmetry arises only from NLO QCD contributions to the total tt¯ cross section.
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Fig. 19. ATLAS measurements of the fraction of tt¯ events with no additional jet above pT > Q0,
for the two rapidity intervals |y| < 0.8 (left) and 1.5 < |y| < 2.1 (right) 314.
This gap fraction was measured differentially as a function of the pT threshold and
in various rapidity intervals of the extra jet. Alternatively, the gap fraction was also
expressed in terms of the scalar sum of all additional jets, not just the leading one.
The measurements were corrected for detector effects and compared with various
NLO (MC@NLO, POWHEG) and ME+PS LO (ALPGEN, SHERPA, ACERMC)
generators. In the measurement of the gap fractions, many systematic uncertainties
canceled, the remaining ones were dominated by jet energy scale and b-tagging, as
well as the unfolding to particle level and the background modeling.
The experimental uncertainty on the gap fraction is comparable to or smaller
than the spread between the various MC models, demonstrating the sensitivity of
the measurement. It is also smaller than the difference between the usual variations
in the amount of ISR/FSR, implying that these may be reduced in future systematic
studies. In the central rapidity region |y| < 0.8, the gap fraction predicted by
MC@NLO is too large compared with the data, as well as with, e.g., ALPGEN
(Fig. 19, left), indicating that MC@NLO produces too few jets (see also Ref. 153).
On the other hand, all MC models undershoot the gap fraction at large rapidities
1.5 < |y| < 2.1 (Fig. 19, right), which implies that they produce too much extra
jet activity in the forward region. To improve the level of description, higher order
QCD corrections may be needed, for instance those which account for the top quark
decay products 48,49 or NLO QCD calculations of tt¯ production with one or two
additional jets 51,52,53,55,56,54.
7. Electroweak Production of Single Top Quarks
In this section, measurements of the cross section for the electroweak production of
single top quarks in the t− and tW -channels are presented, as well as the search
for single top quark production in the s-channel. Single top quark topologies in-
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volve fewer jets compared with tt¯ production, and the signal to background ratio
is generally significantly smaller. This may explain that the discovery of single top
quark production (measuring the combined t- and s-channel modes) at the Tevatron
could only be announced in 2009 315,316. For a review on Tevatron measurements of
single top quark production, see Ref. 317. At LHC, the signal-to-background ratio
is generally more favorable.
7.1. t-channel
At the LHC, the t−channel mode of single top quark production has the largest
cross section and the cleanest signature, with a light quark jet recoiling against
the top quark. Feasibility studies for the LHC based on simulation can be found in
Refs. 318, 319, 105, 320.
7.1.1. ATLAS measurements
Several measurements of the t-channel single top quark production cross section
were performed by ATLAS 321,322,323, using various techniques and data samples
ranging from Lint = 35 pb
−1 to 1.04 fb−1. Events were selected requiring one
isolated electron or muon with pT > 20 GeV (raised to pT > 25 GeV using 2011
data), exactly two jets with pT > 25 GeV (three-jet events were added in the
most recent 2011 analysis) and extended pseudo-rapidity coverage of |η| < 4.9
(tightened to |η| < 4.5 using 2011 data), exactly one b-tagged jet and 6ET> 25 GeV,
MT > 60 GeV− 6ET.
A cut-based analysis was performed using Lint = 35 pb
−1 of 2010 data 321. In
order to enrich the single top signal, additional selection requirements were placed
on the mt estimator calculated using the leading b-jet and imposing a W -boson mass
constraint, 130 < mlνb < 210 GeV, and on the pseudo-rapidity of the non-b-tagged
jet |ηlight| > 2.5. 32 events were selected. The main backgrounds, originating from
QCD multi-jet and W+jets events, were estimated using data-driven methods. The
cross section was measured as a counting experiment using a likelihood function
which incorporated systematic uncertainties via a set of nuisance parameters. The
result was
σt−ch. = 53+27−24 (stat.)
+38
−27 (syst.) pb = 53
+46
−36 (stat.+ syst.) pb , (47)
where the systematic uncertainty was dominated by contributions from jet energy
scale and b-tagging calibration, signal modeling and background estimation. A cross
check using a likelihood ratio method based on five discriminating variables yielded
a consistent, but less precise, result.
An updated result based on Lint = 156 pb
−1 of 2011 data extracted the cross
section by employing a neural network 322. The NN used in total 22 discriminating
input variables corresponding to kinematic properties of individual jets and leptons
and their combinations. The most important variables were mlνb, |ηlight| and the
invariant mass of the two jets m12. The analysis combined a three-layer feed-forward
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Fig. 20. Neural Network output distribution in the two-jet sample (left), and event counts per
lepton charge and jet multiplicity (right), both from the ATLAS t-channel single top cross section
measurement based on Lint = 1.04 fb
−1 of 2011 data 323.
NN with complex preprocessing, using Bayesian regularization techniques 324,325.
The resulting NN output variable peaked at large (small) values for signal (back-
ground), respectively. In order to enrich the signal, a requirement > 0.86 was im-
posed on the NN output variable. In total 134 events passed this selection, with a
S/B of 1.14. The cross section was measured using a profile likelihood method. The
result was
σt−ch. = 76+41−21 (stat.+ syst.) pb , (48)
corresponding to an observed (expected) significance of 6.2σ (5.7σ). The dominating
contributions to the systematic uncertainty were due to the jet energy scale, b-
tagging and signal modeling. A cross check analysis using a cut-based approach
yielded a consistent result, but with a reduced expected sensitivity of 4.4σ.
The most recent ATLAS measurement of the t-channel single top cross section
was based on Lint = 1.04 fb
−1 of 2011 data 323. The measurement was performed
simultaneously in the samples with either two or three jets, both with one b-tagged
jet, employing a neural network. In the two-jet sample, 12 input variables were used,
the most discriminating being the top-mass estimator mlνb, the pseudo-rapidity and
the ET of the leading untagged jet. In the three-jet sample, 18 variables were used,
the most discriminating ones being the invariant mass of the two leading jets m12,
mlνb, and the absolute pseudo-rapidity difference of the leading and lowest pT jet.
The QCD multi-jet background was estimated from a template fit to the 6ET distri-
bution, while the shape of the W+jets background was taken from simulation, with
the relative contributions of light and heavy flavors being determined in-situ from
the data. The cross section was measured by means of a simultaneous maximum
likelihood fit to the NN output distribution (Fig. 20, left) in the two- and three-jet
samples. The result was
σt−ch. = 83± 4 (stat.) +20−19 (syst.) pb , (49)
corresponding to an observed (expected) significance of 7.2σ (6.0σ). The most im-
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portant systematic uncertainties were due to the jet energy scale and b-tagging
efficiency knowledge, as well as signal and background modeling. The latter in-
cluded an additional contribution due to an observed mis-modeling of jets a large
|η|. An alternative cross section measurement was performed using a cut-based
method which employed a tighter event selection in order to increase the signal sig-
nificance. It yielded a consistent, but less precise result. Nevertheless, by splitting
the samples by lepton charge (Fig. 20, right), it was used to measure the single top
quark and anti-quark cross sections separately, yielding σt−ch.(t) = 59+18−16 pb and
σt−ch.(t¯) = 33+13−12 pb. Finally, the value of |Vtb| was extracted from the ratio of the
measured and the theory cross sections and assuming |Vtb|  |Vts|, |Vtd|, indepen-
dently of assumptions on the number of quark generations or on the unitarity of
the CKM matrix. The result was
|Vtb| =
√
σexp/σth = 1.13
+0.14
−0.13 (exp.) ± 0.02 (th.) . (50)
Restricting possible values of |Vtb| to the interval [0, 1], the lower limit on |Vtb| was
set at |Vtb| > 0.75 at 95% CL.
7.1.2. CMS measurements
CMS has measured the t-channel single top quark cross section using the 2010
dataset corresponding to Lint = 36 pb
−1 326. Two complementary approaches were
pursued, one performing a simultaneous fit of two discriminating variables (2D), the
other one combining many input variables using a Boosted Decision Tree (BDT).
Events were selected by requiring exactly one isolated muon (electron) with
pT > 20 (30) GeV and exactly two jets with pT > 30 GeV, one of which b-tagged
using a track counting algorithm with a tight working point (see section 3.5.6). In
addition, events with a second b-jet (using a loose working point) were vetoed in the
2D analysis. To reduce contributions from QCD multi-jet production, a requirement
MT > 40 (50) GeV was applied in the muon (electron) channel. 184 (221) events
were selected in the 2D (BDT) analysis, respectively, corresponding to a signal
purity of 16− 18%. The background from QCD multi-jet production was estimated
from a fit to the MT distribution. In the 2D analysis, the W+jets background was
obtained from two control regions: one where the tight b-tagging requirement is not
fulfilled (dominated by W+light jets events), and a subset of this sample where one
jet passes a loose, but not tight, b-tagging requirement. Fits to the MT distributions
were performed in both samples to determine W+light scale factors, while the heavy
flavor scale factor was taken from the tt¯ cross section measurement.
In the 2D analysis, a two-dimensional maximum likelihood was performed to the
distributions of |ηlight| and cos θ∗, defined here as the angle between the outgoing
lepton direction and the spin axis, approximated by the direction of the light jet in
the top-quark rest frame. Due to the V-A structure of the electroweak interaction,
this variable shows a positive slope for single top signal, while it is expected to
be flat for background. The ηlight distribution is interpreted as the pseudo-rapidity
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Fig. 21. Left: Distribution of the BDT classifier variable used in the CMS measurement of the
single top quark t-channel cross section with 2010 data 326. Right: Reconstructed mass mlνb in
the CMS 2011 measurement 327. In both cases, the simulations were scaled to the cross section fit
results.
of the light jet recoiling against the single top quark, such that signal events are
expected to accumulate on average at larger values compared with background. In
the fit, the total background contribution was allowed to float, while its composition
was fixed according to the expected contributions. The shapes of the W+jets and
QCD multi-jet backgrounds were taken from data, while the ones of the signal and
the other backgrounds were from simulation. The cross section was measured as
σt−ch. = 124.2± 33.8 (stat.) +30.0−33.9 (syst.) pb . (51)
In the BDT analysis, 37 well modeled variables were combined into a single BDT
classifier variable. The choice of variables was inspired by the Tevatron measurement
from Ref. 328, optimized for LHC kinematics. The most discriminating variables
were the lepton momentum, the mass of the system formed by the W -boson and
the two jets, the pT of the system formed by the two jets, the pT of the b-tagged
jet and the reconstructed top quark mass mlνb. The BDT classifier variable was
validated using simulated signal and tt¯, as well as data-driven W+jets samples. The
cross section was measured from the BDT classifier distribution (Fig. 21, left),
using a Bayesian approach in which background normalizations and systematic
uncertainties were treated as nuisance parameters, as
σt−ch. = 78.7± 25.4 (stat.) +13.2−14.6 (syst.) pb . (52)
In both analyses, the systematic uncertainties were dominated by contributions
from the imperfect knowledge of the jet energy scale and b-tagging calibrations, as
well as the signal and background modeling. The results from both measurements
were combined using the BLUE technique, considering a statistical correlation of
51% and assuming that most of the systematic uncertainties were fully correlated.
The combined measurement was
σt−ch. = 83.6± 29.8 (stat.+ syst.) ± 3.3 (lum.) pb , (53)
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where the weight of the BDT analysis in the combination was 89%. The observed
significance was 3.7σ (3.5σ) for the 2D (BDT) analysis, while 2.1±1.1σ (2.9±1.0σ)
were expected.
Similarly to the ATLAS measurement and assuming |Vtb|  |Vts|, |Vtd|, an ef-
fective value of the CKM matrix element |Vtb| was determined as
|Vtb| = 1.14± 0.22 (exp.) ± 0.02 (th.) . (54)
Using the assumption that 0 ≤ |Vtb|2 ≤ 1, a lower bound of |Vtb| > 0.62 (0.68) was
inferred at 95% CL from the 2D (BDT) analysis, respectively.
CMS presented an updated measurement using 2011 data corresponding up to
Lint = 1.51 fb
−1 in the lepton+jets channel 327. Events were selected in a similar
way as for the 2010 measurement, but employing a b-tagging requirement already at
the trigger level. The signal region was defined by the requirements of two jets, one
of them b-tagged, and a reconstructed top mass in the range 130 < mlνb < 220 GeV.
QCD multi-jet background was estimated from data, and the shape of the W+jets
background was estimated from the mlνb sideband region. The cross section was
extracted from a maximum likelihood fit to the |ηlight| distribution, resulting in
σt−ch. = 70.2± 5.2 (stat.) ± 10.4 (syst.) ± 3.4 (lum.) pb . (55)
Due to the much larger dataset the systematic uncertainties could be significantly
better constrained compared with the previous measurement. They were dominated
by contributions originating from the W+jets background estimation, the jet energy
scale and the modeling of signal and top pair background. Fig. 21 (right) shows the
mlνb distribution after the fit, which exhibits a clear peak due to single top quark
production. Finally, the CKM matrix element |Vtb| was extracted as
|Vtb| = 1.04± 0.09 (exp.) ± 0.02 (th.) . (56)
Both the ATLAS and CMS measurements of t-channel single top quark produc-
tion are in good agreement with the SM prediction (see section 2.2).
7.2. tW-channel
Single top quark production in the tW -channel has not been observed at the Teva-
tron. As discussed in section 3.6.2, this mode interferes at NLO QCD with top
quark pair production, and several methods have been implemented in current MC
generators to allow an unambiguous signal definition. According to the decays of
the two W -bosons, single top production in the tW -channel can be studied either
in the di-lepton channel, where both W -bosons decay into a charged lepton and a
neutrino, or in the lepton+jets channel, where one of the W -bosons decays into lep-
ton and neutrino, while the other one decays into two jets. Older feasibility studies
based on simulation can be found in Refs. 329, 105, 330.
Following a first study using 2010 data 321, a search for single top quark pro-
duction in the tW -channel in the di-lepton channel was performed by ATLAS using
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Lint = 0.70 fb
−1 of data 331. The event selection required exactly two isolated lep-
tons of opposite charge with pT > 25 GeV, one or more jets with pT > 30 GeV,
6ET> 50 GeV and |M(ll)−mZ | > 10 GeV (only in the ee,µµ channels). There was
no b-tagging requirement. In order to reduce the Z → ττ background, an additional
requirement was placed on the angle between each lepton li and the missing trans-
verse energy:
∑
i ∆φ(li, 6ET ) > 2.5. Backgrounds with one (mostly from W+jets)
or two (mostly from QCD multi-jet production) fake leptons were estimated us-
ing a matrix method. Drell-Yan backgrounds were estimated using control regions.
The event selection yielded 1073 events, while 78 (1033) signal (background) events
were expected, the background mostly originating from tt¯ production (see Fig. 22,
left). The tW -channel signal region was defined by requiring exactly one jet. A con-
trol region used to estimate the tt¯ background was defined by requiring at least
two jets, and the resulting scale factor was applied to the signal region, assum-
ing that the tt¯ simulation correctly models the jet multiplicity. The signal region
contained 287 events, which matched the sum of expected signal (47.1 ± 3.4) and
background (246 ± 23) yields. The cross section was estimated by maximizing a
likelihood function which also included parameterized effects of systematic uncer-
tainties as nuisance parameters. The result was
σtW−ch. = 14.4 +5.3−5.1 (stat.)
+9.7
−9.4 (syst.) pb . (57)
The systematic uncertainty was dominated by the jet energy scale and resolution,
top pair background and signal modeling. The background-only hypothesis is re-
jected at the 1.2σ level, and the 95% CL observed (expected) cross section upper
limit is 39.1 (40.6) pb.
CMS performed a search for single top production in the tW -channel using
April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
74 CONTENTS
Lint = 2.1 fb
−1 collected in 2011 332. Events were selected in the di-lepton chan-
nel, containing exactly two isolated leptons of opposite charge with pT > 20 GeV,
|M(ll) −mZ | > 10 GeV, 6ET> 30 GeV (the latter two requirements were applied
only in the ee, µµ channels), and exactly one jet with pT > 30 GeV which had to
be b-tagged. To further reduce the contribution from tt¯ background, events with
additional b-jets with pT > 20 GeV were vetoed. The pT,system variable, corre-
sponding to the pT of the system formed by the two leptons, the jet and the 6ET
was required to be pT,system < 60 GeV, and HT , the scalar sum of the transverse
momenta of leptons, jet and 6ET was required to be HT > 160 GeV. In total 964
events were selected, with an expectation of 152 signal events. Background from
Drell-Yan production was estimated from data in the same way as done for the tt¯
cross section measurement (see section 4.2.1). Two control regions, defined by the
presence of at least two jets, either one or both b-tagged, were used to constrain the
tt¯ background in the cross section measurement (see Fig. 22, right). The cross sec-
tion was measured performing a counting experiment, assuming Poisson statistics,
simultaneously in the signal and the two sideband regions. A likelihood function
was maximized, which incorporated effects of systematic uncertainties as nuisance
parameters, in order to determine the normalizations of the single top tW -channel
signal as well as the tt¯ background. The resulting cross section was
σtW−ch. = 22 +7−9 (stat.+ syst.) pb , (58)
and the observed (expected) significance at 95% CL was 2.7σ (1.8±0.9σ). Important
sources of systematic uncertainty were due to the jet energy scale and b-tagging
calibrations, as well as the signal and background modeling.
The results from both experiments are in good agreement with the SM predic-
tion, even though the measurement precision is still limited.
7.3. s-channel
Even though the observation of single top quark production at the Tevatron was
based on the combination of t- and s-channels, the s-channel mode has not been
observed individually. Despite the small cross section of 4.6 pb 72 at the LHC for√
s = 7 TeV, this mode is interesting since it is sensitive to various new physics
models, for instance W ′ bosons or a charged Higgs boson H± 333. At leading order,
the partonic final state consists of a top-quark and a b-quark. A feasibility study
for the LHC using simulation can be found in Ref. 105.
ATLAS performed an initial search for single top quark production in the s-
channel using a data sample of Lint = 0.70 fb
−1 334. The analysis considered the
final state where the W -boson from the top quark decays leptonically. Events were
selected which contained exactly one isolated electron or muon with pT > 25 GeV,
6ET> 25 GeV, MT (W ) > 60 GeV− 6ET and exactly two jets with pT > 25 GeV. In
this event sample, either one or both jets could be required to be b-tagged using
a secondary vertex algorithm. The most important backgrounds, originating from
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W+jets and QCD multi-jet production, were estimated from data. Other back-
grounds, including tt¯ production, were estimated from simulation. A further refine-
ment of the event selection was applied in order to enrich the signal and suppress
backgrounds. This included the requirement that both jets had to be b-tagged, as
well as several requirements on kinematic variables, such as MT (W ), the top mass
reconstructed using either the first or second jet, the pT of the system formed by
the two jets, and the opening angle between the two jets, or between the leading jet
and the lepton. Optimizing the selection resulted in an improvement of the number
of expected signal events divided by the square root of the number of expected
background events, S/
√
B from 0.26 to 0.98, corresponding to an expected number
of 16 (269) signal (background) events. 296 events were observed in data, in good
agreement with expectation. A limit on s-channel single top quark production was
obtained using a counting experiment and minimizing a likelihood function which
included nuisance parameters for systematic uncertainties. The resulting observed
(expected) 95% CL upper limit is 26.5 (20.5) pb, about five times larger than the
SM expectation.
7.4. Outlook
The near future will see differential measurements of the single top quark cross sec-
tion in the t-channel, more precise measurement of the tW associated production
mode, and potentially the observation of the s-channel mode. Since the measure-
ments will be more and more limited by the knowledge of systematic uncertainties,
it will be important to constrain these even more using in-situ techniques, as well
as to further improve the background rejection using multi-variate methods.
Measurements of single top quark production provide important information
in the context of the SM. The latter concerns in particular the determination of
CKM matrix elements |Vtq| by combining the information from measurements of
single top quark cross sections with the measured value of R 335,336, i.e. without
the assumption that R = 1. In addition, constraints on the b-quark PDF may be
possible from differential single top quark cross section measurements.
Beyond the SM, measurements of single top quark production in all channels are
important because of their different sensitivity to new physics contributions 333. For
example, a deficit in all channels would be an indication that |Vtb| < 1. An excess
in the s-channel may be the hint of the production of a charged resonance, while a
t-channel excess may indicate a contribution from FCNC ug → t production (see
section 8.2).
8. Search for New Physics using Top Quarks
There are many scenarios of new physics beyond the SM which involve top quarks,
and the current status of corresponding searches at the LHC are discussed in the
following. Topics include new particles decaying into tt¯ pairs, FCNC in top quark
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decays and production, anomalous 6ET in tt¯ production, same-sign top quark pro-
duction, a potential fourth generation of quarks and other searches for new physics
using top quarks.
8.1. tt¯ invariant mass distribution
There are many extensions of the SM predicting new interactions which have en-
hanced couplings to top quarks, resulting in new particles that would decay dom-
inantly into tt¯ pairs and may, depending on the width of the new particle, show
up as resonances in the top-quark pair invariant mass distribution Mtt¯. In many
models, the couplings to the first two generations may be small, such that the new
resonance would not necessarily show up in other topologies. Besides the simple
picture of a resonance shape on top of the SM background, also more complicated
effects on the shape of the Mtt¯ may be possible, which could be caused e.g. by
wide resonances, interference effects, associated production of scalar particles or
additional undetected decay products.
New particles coupling predominantly to top quarks could be realized in many
different ways (see, e.g., Ref. 243 and references therein for an overview). They
could be spin-0 scalars or pseudo-scalars, for instance in super-symmetric (SUSY)
or Two-Higgs-Doublet (2HDM) models. They could also be spin-1 vector or axial-
vector particles, for example a leptophobic topcolor Z ′ boson, a Kaluza-Klein (KK)
gluon in the Randall-Sundrum (RS) model or an axigluon. Finally, models involving
spin-2 gravitons have also been proposed. Searches at Tevatron and LHC typically
use the topcolor Z ′ model 337,338,339,340 as a proxy for a narrow tt¯ resonance of
width ΓZ′/mZ′ ∼ 1% or 3%, while a KK gluon in the RS model of warped extra
dimensions 341,342,343 is used as proxy for a broader resonance, often assuming a
width of 10%. Other models were proposed in order to explain the larger than
predicted AFB at the Tevatron (see section 6.6), see, e.g., Refs. 290, 291, 344, 345,
346, as well as model-independent studies 347,348.
The most stringent limits on a narrow topcolor Z ′ decaying into tt¯ obtained
at the Tevatron 349,350 provide an exclusion for masses below mtt¯ ∼ 900 GeV.
Feasibility studies, based on simulation, on searches for resonances in the top-quark
pair invariant mass distribution can be found in Refs. 351, 352, 353 (CMS) and in
Refs. 354, 105, 355, 356 (ATLAS).
In the following, first the analyses focusing on the invariant mass range where
Mtt¯ is smaller than around 1 TeV are discussed (so-called low-mass regime). In this
kinematic domain, the final state topologies resemble standard tt¯ final states. Then,
analyses focusing on the high-mass regime, corresponding to Mtt¯ significantly larger
than 1 TeV, are presented. At high mass, decay products of the top quarks tend to
be collimated, such that dedicated reconstruction algorithms become necessary.
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8.1.1. Low-mass analyses
CMS presented a first search for new resonances decaying into a tt¯ pair in the
lepton+jets channel using Lint = 36 pb
−1 of 2010 data 357, which was subse-
quently updated to the full 2011 dataset of Lint = 4.7 fb
−1 358. Only the latter
measurement will be discussed in the following. Events were selected requiring the
presence of exactly one isolated lepton (e or µ), 6ET> 20 GeV and at least three
jets with pT > 50 GeV. The leading jet had to satisfy pT > 70 GeV. If four jets
with pT > 50 GeV were found, additional jets with pT > 30 GeV were also con-
sidered. For each lepton flavor, events were assigned to one out of four categories
according to their jet multiplicity (j) and the number of identified b-jets (t) using
a secondary vertex algorithm, the categories being 3j1t, 4j0t, 4j1t and 4j2t. This
improved the sensitivity of the measurement due to the different S/B in each cate-
gory. The tt¯ invariant mass Mtt¯ was reconstructed using a χ
2 criterion which em-
ployed various mass and momentum constraints. The observed mass distributions
showed no excess above SM expectations. Shape and normalization of the back-
ground from QCD multi-jet production were determined from data, and the shape
of the W+jets background was also estimated from a control region. The shape
of the other backgrounds, in particular from SM top quark pair, single top quark
and Z+jets production, were taken from simulation, while their normalization was
determined during the statistical evaluation, which was performed simultaneously
in the binned Mtt¯ distributions in all eight categories. The impact of systematic un-
certainties on rate and shape of the signal and background templates was included
with nuisance parameters. The CLS criterion
359,360 was applied to set limits on
the production of new particles as a function of mass. The observed 95% CL upper
limits on the cross section times branching ratio of a new heavy particle range from
about 6 pb at 400 GeV to less than 1 pb above 900 GeV. A topcolor Z ′ with width
1% (10%) is excluded for masses below 1.3 (1.7) TeV, while a KK gluon is excluded
with a mass below 1.4 TeV. As an example, the limit on a Z ′ with a width of 1.2%
is shown in Fig. 23 (left).
CMS also searched for a narrow Z ′ resonance in the di-lepton channel using
the full 2011 dataset ( Lint = 5.0 fb
−1) 361. A standard di-lepton event selection
was used, requiring at least one out of two jets to be b-tagged. Backgrounds from
Drell-Yan and QCD multi-jet production were estimated in a data-driven way. The
tt¯ invariant mass was calculated from all final state objects, assuming pz = 0 for
the two neutrinos. A neural network was used to search for a resonance, and 95%
CL upper limits on σZ′ ·BR(Z ′ → tt¯) for a narrow topcolor Z ′ with a width of 1.2%
were set as function of mZ′ using the CLS method. Masses below mZ′ < 1.1 TeV
were excluded.
ATLAS performed an initial search for tt¯ resonances in the lepton+jets channel
using 2010 data 363, which was subsequently updated using first Lint = 200 pb
−1 364
and most recently Lint = 2.05 fb
−1 362 of 2011 data. Since the analyses are very
similar, only the most recent result will be discussed in the following. Lepton+jets
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Fig. 23. Observed and expected upper limits on σZ′ · BR(Z′ → tt¯) (CMS 358, left) and σgKK ·
BR(gKK → tt¯) (ATLAS 362, right), as function of mass.
events were selected following the criteria used in the SM tt¯ cross section mea-
surement, see section 4.3.1, requiring at least four jets, one of which had to be
identified as b-jet. In case one of the jets had a jet mass above 60 GeV it was as-
sumed to be due to jet merging and the event was accepted even if it contained
only three jets. W+jets and QCD multi-jet backgrounds were estimated from data.
The tt¯ system was reconstructed using an algorithm which disfavors jets far away
from the remainder of the activity in the event. No excess was found in the recon-
structed Mtt¯ distribution and limits were derived using a Bayesian approach. The
observed (expected) 95% CL limit on σZ′ · BR(Z ′ → tt¯) range from 9.3 (8.5) pb at
mZ′ = 500 GeV to 0.95 (0.62) pb at mZ′ = 1300 GeV, which allowed to exclude a
topcolor Z ′ in the range 500 < mZ′ < 860 GeV. The observed (expected) limit on
σgKK · BR(gKK → tt¯) ranges from 11.6 (10.3) pb at mgKK = 500 GeV to 1.6 (0.9)
pb at mgKK = 1300 GeV, which excluded gKK resonances with mass between 500
and 1025 GeV at 95% CL, see Fig. 23 (right).
A search for a KK-gluon resonance decaying into tt¯ was performed by ATLAS
using Lint = 1.04 pb
−1 of data, employing the di-lepton final state 365. Despite the
lower branching ratio compared with the lepton+jets channel, this has the advantage
of less non-top background. Events were selected following the criteria used in the
tt¯ cross section measurement in the same channel, requiring exactly two opposite
charge leptons and two or more jets. Backgrounds from Z+jets, W+jets and QCD
multi-jet events were estimated using data-driven techniques also used in the tt¯ cross
section measurement. The analysis used the HT+ 6ET distribution, where HT is the
sum of the transverse momenta of the two leptons and all reconstructed jets. Upper
limits on the cross section times branching ratio for KK-gluons were derived as a
function of the mass mgKK using a Bayesian approach and for varying couplings of
April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
CONTENTS 79
]2Z' mass [TeV/c
1 1.5 2 2.5 3
 
BR
 [p
b]
⋅) t
 
t 
→
(Z
' 
σ
-210
-110
1
10
 = 7 TeVsCMS 2011 Preliminary, , e+jets-1L = 4.33 fb
CLs method expected (95% C.L)
 expectedσcentral 1
 expectedσcentral 2
observed (95% C.L.)
Topcolor Z', 1.2% width, Harris et al.
Topcolor Z', 3.0% width, Harris et al.
Fig. 24. Expected and observed limits on cross section times branching ratio at 95% CL and
expected cross section for a KK gluon gKK (left, ATLAS
365), and for a narrow heavy resonance
compared with the cross section for a topcolor Z′ (right, CMS 366), both shown as function of the
invariant mass of the resonance.
the KK gluon. The obtained limits are shown in Fig. 24 (left). Depending on the
choice of coupling, lower mass limits in the range 0.84 to 0.96 TeV were set.
8.1.2. High-mass analyses
A search for heavy narrow resonances decaying into tt¯ was performed by CMS in
the muon+jets channel using a data sample corresponding to Lint = 1.14 fb
−1 367.
The standard selection of events in the lepton+jets topology was modified in order
to account for the fact that decay products of top quarks with high momentum
tend to be collimated. In particular, the usual requirement that the muon (pT >
35 GeV) from the W-boson decay be isolated was replaced with a two-dimensional
requirement on the radial distance and relative pT with respect to the closest jet.
To accommodate for merging of several close-by jets, only two jets were required
in the selection, with pT > 250 (50) GeV for the first (second) jet. In addition, the
scalar sum of muon pT and 6ET was required to fulfill HT,lep > 150 GeV. In the
reconstruction of the invariant tt¯ mass, the assignment of jets to top quarks was
based on topological criteria which favor back-to-back highly boosted top quark
pairs. The Mtt¯ resolution varied from 13% at Mtt¯ = 1.0 TeV to 7% at 3 TeV.
Background from QCD multi-jet events was modeled from data using a sideband
region, while the shapes of the other backgrounds were taken from simulation. Upper
limits on σZ′ ·BR(Z ′ → tt¯) were obtained using a Bayesian method which evaluated
two distributions, HT,lep for HT,lep < 150 GeV and Mtt¯ for HT,lep > 150 GeV.
The likelihood included terms for signal and backgrounds, as well as the impact
of systematic uncertainties via nuisance parameters. The analysis could not yet
exclude a topcolor Z ′ with a natural width of 1%, but a topcolor Z ′ with a width
of 3% could be excluded for 805 < mZ′ < 935 GeV and 960 < mZ′ < 1060 GeV.
Complementing the above search in the muon+jets channel, CMS performed a
very similar search in the electron+jets channel using Lint = 4.3 fb
−1 of data 366.
The event selection differed with respect to the transverse momentum requirements
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on the electron and the leading jets. In addition, the 95% CL limits were derived
using the CLS method based on a likelihood ratio using the Mtt¯ distribution. Using
the topcolor Z ′ model with a width of 1%, the obtained upper limit on cross section
times branching ratio is 2.51 (0.62) pb at Mtt¯ = 1 (2) TeV, again still not excluding
such a hypothetical particle. The resulting observed and expected 95% CL limit as
function of mZ′ are shown in Fig. 24 (right), compared with the cross section of a
topcolor Z ′.
CMS also performed a search for narrow heavy resonances decaying into tt¯ in
the hadronic channel using Lint = 5 fb
−1 of data 368. It was the first to apply
dedicated algorithms to resolve the sub-structure of jets merged due to the boost
of the top quark at large Mtt¯. The hadronic channel has the advantage of a large
branching fraction, but suffers from huge QCD multi-jet background. Jets were
clustered using the Cambridge-Aachen (CA) jet clustering algorithm 369,370 with an
increased size parameter R=0.8 in order to accommodate the larger size of merged
jets from boosted top decays. Two event categories were defined: “type 1+1” events
were required to contain at least two jets with pT > 350 GeV using a dedicated top
tagging algorithm 371,372, each supposed to consist of the decay products of the (anti-
) top quark. Secondly, “type 1+2” events were required to contain at least three
jets, one with pT > 350 GeV and reconstructed using the top tagging algorithm,
and two jets with pT > 200 (30) GeV reconstructed using a W tagging algorithm.
The top tagging algorithm uses the CA jets as input and applies two decomposition
steps in order to identify three subjets originating from the decay of the top quark.
It applies constraints on the jet mass to be consistent with the top quark mass,
and the minimum pairwise subjet mass to be consistent with the W -boson mass.
The W tagging uses the jet pruning algorithm 373,374 which reclusters the CA jets
and removes soft and wide-angle clusters. Two subjets with a roughly symmetric
energy sharing are required, and the pruned jet mass must be consistent with the
W -boson mass. The subjet energy scale was estimated in a sample of tt¯ events in the
lepton+jets channel with a boosted W -jet (see Fig. 25 left). The background from
QCD multi-jet production, in which jets are misidentified by the top or W tagging
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algorithms, was evaluated from data. The obtained limits, based on the combination
of both samples are shown in Fig. 25 (right) for the assumption of a narrow topcolor
Z ′ model using widths of 1.2% and 3.0%. Sub-picobarn limits were obtained for a
Z ′ heavier than 1.1 TeV, excluding mZ′ < 1.6 TeV (mZ′ = 1.3 − 1.5 TeV) in the
case of a Z ′ width of 3% (1.2%), while mZ′ < 2 TeV was excluded for a width of
10%. In addition, a KK-gluon model with 1.4 < mgKK < 1.5 TeV could also be
excluded.
In the future, the Mtt¯ distribution will be measured in more detail and the sen-
sitivity to new physics contributions will be extended to even higher mass values,
profiting from further refinements of dedicated reconstruction algorithms adapted to
highly boosted final state topologies 375,376. Some work is needed to assess correla-
tions between various searches performed using either different final state topologies
(e.g. lepton+jets and di-lepton channels) and/or optimized for different mass ranges
(low-mass and high-mass analyses), in order for each experiment to provide a com-
bined limit with the best overall sensitivity as function of Mtt¯. In the end, a limit
combining inputs from both ATLAS and CMS will be the ultimate goal.
8.2. FCNC in top quark decays and production
Flavor changing neutral currents (FCNC) are forbidden in the SM at tree level, and
are much smaller than the dominant decay mode at loop level. Several extensions
of the SM predict increased branching fractions for FCNC decays of the top quark,
such as the two-Higgs doublet model (2HDM), the minimal super-symmetric model
(MSSM), topcolor assisted technicolor, super-symmetry with R-parity violation or
models with warped extra dimensions (see Ref. 377 and references therein). Previous
limits on the branching fractions BR(t → qγ), BR(t → qZ) and BR(t → qg) were
obtained at HERA, LEP and Tevatron. The most precise upper limit on BR(t→ qZ)
has been set by D0 at 3.2% 83. Older feasibility studies for the LHC can be found
in Refs. 378, 379, 380, 381, 382, 105.
A search for the decay t → qZ was performed by ATLAS using 2010 data 383
which was updated using Lint = 0.70 fb
−1 of 2011 data in Ref. 384. Only the
updated measurement will be discussed in the following. The search considered only
leptonic decays of the Z-boson from the FCNC top quark decay and the W -boson
from the SM top decay, leading to a final state consisting of three isolated leptons,
at least two jets and missing transverse energy. Signal events were simulated using
the TOPREX generator 385. Events containing three isolated leptons (e or µ) were
selected, at least two of which had to be of the same flavor and opposite charge and
satisfy |M(ll)−mZ | < 15 GeV, with pT > 25 (20) GeV for the leading (non-leading)
lepton(s). In addition, at least two jets were required with pT > 30 (20) GeV for
the leading (sub-leading) jet and 6ET> 20 GeV. The tt¯ system was reconstructed
using a χ2 criterion to chose the assignment of leptons and jets. The reconstructed
masses of the top quarks and the W-boson were required to be consistent with
expectation. Backgrounds from di-boson production (ZZ and WZ) were taken from
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simulation, while backgrounds with one or more fake leptons (Z+jets,W+jets, QCD
multi-jet, SM tt¯ and single top quark production) were estimated using various data-
driven methods. Two events were selected, while the expected number of background
events was 2.4+1.8−0.3. An upper limit on the number of signal events was obtained
using the modified frequentist likelihood method. The observed (expected) 95%
CL upper limit on BR(t → qZ) is 1.1% (1.3+0.7−0.5%). The dominating sources of
systematic uncertainty were due to the WZ background simulation, lepton trigger
and identification, as well as jet energy scale calibration.
A similar search was performed by CMS using the full 2011 dataset correspond-
ing to Lint = 4.6 fb
−1 386, also using the three-lepton final state. Two leptons were
required to be consistent with a Z-boson decay. In addition, the selection required
two jets and 6ET> 30 GeV. Finally, tight requirements on the reconstructed masses
MZj and MWb were imposed, as well as a b-tagging requirement. As a cross check, a
looser selection without b-tagging and mild requirements on MZj and MWb was em-
ployed as well. Backgrounds from Drell-Yan and tt¯ production were estimated from
data, while the remaining ones, including di-boson and single top quark production
were obtained from simulation. Zero events were observed, while 0.6±0.1±0.1 events
were expected. The corresponding 95% CL upper limit of BR(t→ Zq) < 0.34% was
obtained using the CLS method and is currently the world’s best limit.
ATLAS performed a search for anomalous single top quark production through
qg → t→ bW using Lint = 2.05 fb−1 of 2011 data 387. Since the t→ qg decay mode
is almost impossible to separate from QCD multi-jet production, better sensitivity
can be achieved by searching for qg → t anomalous single top quark production.
The search employed the final state consisting of a b-quark, a charged lepton and a
neutrino. The PROTOS 388 generator was used to simulate direct FCNC top quark
production. About 26 000 events were selected in data, while 24 000 ± 7 000 were
expected. A neural network based on 11 input variables was used to discriminate
signal and background. An upper limit on σ(qg → t) · BR(t→ blν) was set at 95%
CL as 3.9 pb, while the expected limit was 2.4 pb. Using the NLO QCD FCNC
single top cross section, upper limits were also derived on generalized anomalous
couplings, as well as on the branching fractions as BR(t→ ug) < 5.7·10−5 (assuming
BR(t → cg) = 0) and BR(t → cg) < 2.7 · 10−4 (assuming BR(t → ug) = 0). These
limits are the most stringent to date on FCNC single top quark production.
8.3. Anomalous 6ET in tt¯ production
Partners of the top quark with masses below around one TeV are often considered
an elegant solution of the hierarchy problem. In particular, pair-produced exotic top
partners T T¯ , each decaying into a top quark and a stable, neutral weakly interacting
particle A0, would correspond to the final state T T¯ → tt¯A0A0, identical to top pair
production but with larger 6ET . Such a scenario may be realized for example in
SUSY models with R-parity conservation (where T is the stop quark and A0 is
the lightest super-symmetric particle), little Higgs models, models with universal
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Fig. 26. Left: Excluded cross section times branching ratio of the process T T¯ → tt¯A0A0 as
function of mT for mA0 = 10 GeV in the ATLAS search
389. Right: Exclusion region at 95%
CL as function of Z′ mass and the right-handed coupling fR in the CMS search for same-sign
top quark pairs 391. Also shown is the region of parameter space consistent with the Tevatron
measurements of AFB and σtt¯ as inferred in Ref. 392.
extra dimensions, or in models with third generation scalar leptoquarks. Many of
these models provide a mechanism for electroweak symmetry breaking and predict
dark matter candidates, which can be identified indirectly through their large 6ET
signature.
ATLAS performed a search for T T¯ → tt¯A0A0, using Lint = 1.04 fb−1 of data 389.
The search was performed in the lepton+jets channel using similar criteria as for
the tt¯ cross section measurement, requiring one isolated lepton and at least four jets.
To reduce tt¯ and W+jets backgrounds, 6ET> 100 GeV and MT > 150 GeV were
required in addition. The largest remaining background was found to be tt¯ events
in the di-lepton channel. The event yield in data was found to be in agreement with
the expectation. Thus, limits were obtained in the context of the model of fourth
generation exotic up-type quarks from Ref. 390. Masses of mT < 420 GeV and
mA0 < 140 GeV were excluded at the 95% CL (see Fig. 26 left), and a cross section
times branching ratio of 1.1 pb was excluded for mT = 420 GeV and mA0 = 10 GeV.
These limits are approximately valid also for other models, including pair production
of scalar top quarks or third generation leptoquarks.
8.4. Same-sign top quark pair production
Many models which have been proposed to explain the larger than predicted
forward-backward asymmetry in top quark pair production at the Tevatron (see sec-
tion 6.6) invoke FCNC in the top quark sector mediated by the t-channel exchange
of a new massive Z ′ boson (see, e.g., Ref. 393). However, this type of interaction
would also give rise to same-sign top quark pair production, for which in the case
of tt (as opposed to t¯t¯) production the cross section would be enhanced at LHC
because of the large up-quark valence contribution to the proton PDF.
CMS has searched for like-sign top quark pair production using Lint = 36 pb
−1
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Fig. 27. Left: Contributions to the inclusive AFB at the Tevatron from the exchange of a Z
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right-handed couplings (shown for various masses and couplings of the Z′), versus the same-sign
top quark production cross section at LHC 397. Older limits from CMS 394 and ATLAS 396 are
also shown. Right: 95% CL upper limit on the t′ t¯′ production cross section as function of mt′
determined by CMS 398, compared with the theory prediction obtained using Ref. 25.
of data 394. The event selection and background estimation is similar to the one
used for the tt¯ cross section measurement in the di-lepton channel, except that both
leptons were required to be of positive sign. Two events were selected, compared
with 0.9 ± 0.6 events expected for background. The 95% CL upper limit on the
pp→ tt cross section in the context of the FCNC Z ′ model from Ref. 392 is 17 pb.
An update of this search using the full 2011 data sample of Lint = 4.98 fb
−1 was
performed 391, selecting events with two positively charged, like-sign leptons, at least
two b-tagged jets and in addition 6ET> 30 GeV, HT > 80 GeV. Five events were
observed, for 4.5± 1.7 expected, which led to an improvement of the above limit in
the context of the model from Ref. 392 to 0.61 pb. Upper limits were also computed
as function of the Z ′ mass and the right-handed coupling fR at the utZ ′ vertex.
The region of parameter space consistent with the Tevatron AFB measurement
392
is disfavored (see Fig. 26 right). In addition, limits on a model 395 with maximal
flavor violation involving a new scalar SU(2) doublet were also placed.
ATLAS has performed a search for prompt like-sign muon pairs using a dataset
corresponding to Lint = 1.6 fb
−1 396. Events containing a pair of two muons of
the same charge with pT > 20 GeV were selected. Standard model backgrounds
with two same-sign prompt leptons (mostly di-boson production) were taken from
simulation, while backgrounds from non-prompt muons were estimated from data.
No excess over the SM background was observed, and limits were placed in a model
independent way, as well as in the context of like-sign top quark pair production.
The 95% CL upper limit on the production of a pair of right-handed top quarks
ranges from 2.2 to 3.7 pb, depending on the Z ′ mass. These limits are approximately
a factor six less stringent than the one reported above by CMS.
Another search for same-sign top quark production was performed using the ee,
µµ and eµ final states and Lint = 1.04 fb
−1397. In the case of a heavy new particle
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mediating the tt production, the upper limit at 95% CL is 1.7 pb for each chirality.
For light Z ′ mediators, the limits range from 1.4 to 2.0 pb, depending on the Z ′
mass. Limits were placed on generic classes of models with new particles mediating
same-sign top quark production. In the case of a flavor-changing Z ′-boson which
was proposed to explain the large value of the AFB measurement at the Tevatron
(see above), a significant part of parameter space is excluded (see Fig. 27, left).
8.5. Fourth generation of quarks
In principle, the number of generations of fermions in the standard model is not lim-
ited to three. Many searches for fourth generation fermions have been performed, for
example at LEP and Tevatron, but so far all with negative outcome. Nevertheless,
there is still considerable interest in a fourth generation, because its existence can
provide sufficiently strong CP violation 399 for generating the baryon asymmetry of
the universe at the electroweak scale, may offer the heavy neutrino as a candidate
for dark matter, would avoid the need for a light Higgs boson if the mass of the
heavy quarks is large, and would relieve the tension in some flavor physics results.
CMS searched for a pair-produced new heavy top-like quark t′ which decays
as t′ → Wb in both the di-lepton 398 (Fig. 27, right) and lepton+jets400 channels
using the full 2011 dataset, excluding masses below mt′ = 560 GeV. An inclusive
search for fourth generation up- (t′) and down-type (b′) quarks of degenerate mass,
produced singly or in pairs, was also performed by CMS 401, yielding a lower limit
of mt′ = 490 GeV. ATLAS searched for pair-produced heavy quarks decaying via
Q→Wq (q=u, d, c, s, b) 402 in the di-lepton channel and set a lower limit of mQ =
270 GeV, using only 2010 data. This search was updated using Lint = 1.04 fb
−1
of 2011 data 403, yielding a lower limit of mQ = 350 GeV. Using the same data
sample and assuming the exclusive t′ →Wb decay, ATLAS also placed a lower 95%
CL limit on the mass a t′ of mt′ > 404 GeV 404. A search for a pair-produced
heavy vector-like quarks which decay via FCNC as T → tZ was carried out by
CMS 405 and yielded a lower limit of mT = 475 GeV. ATLAS searched for a heavy
vector-like quark which couples to light quarks 406, using both the charged current
(CC) Qq → Wqq′ and the neutral current (NC) Qq → Zqq′ modes, and lower
limits on the mass of the new quark were set of m = 900 (760) GeV from the CC
(NC) process, respectively. CMS also searched 407,408 for pair-produced bottom-like
quarks decaying as b′b¯′ → tW−t¯W+ using up to Lint = 4.9 fb−1 of data, and set a
lower limit of mb′ = 611 GeV. Similarly, ATLAS searched for b
′b¯′ → tW−t¯W+ in
the lepton+jets channel using Lint = 1.04 fb
−1 of 2011 data and set a lower limit of
mb′ = 480 GeV
409. This was complemented by a search for events with same-sign
di-lepton pairs, which yields a lower limit of mb′ = 450 GeV
397. Finally, a search
for b′ → Zb was carried out by ATLAS 410 using Lint = 2.0 fb−1 of data, yielding
a lower limit of mb′ > 400 GeV.
These results generally improve upon previous limits obtained at the Tevatron
(e.g. Refs. 411, 412, 413). In the future, using larger datasets and profiting from the
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increased LHC center-of-mass energy, these limits can be further pushed to higher
mass values.
8.6. Other new physics searches involving top quarks
As discussed in sections 1 and 4.4, a light charged Higgs boson H± may be produced
in top quark decays, provided that mH < mt−mb, followed by the decay H± → τντ .
Both ATLAS 414 ( Lint = 4.6 fb
−1) and CMS 415 ( Lint = 2.0 − 2.3 fb−1) have
searched for charged Higgs production in top quark decays. Assuming BR(H+ →
τ+ντ ) = 1, upper limits on the branching fraction BR(t → H+b) in the range
5 − 1% (4 − 2%) were obtained for masses of the charged Higgs boson mH± =
90 (80)−160 GeV in the case of ATLAS (CMS), respectively. These results improve
considerably upon earlier limits set at the Tevatron 416,417.
A new heavy W ′-boson, predicted in several extensions of the SM such as models
with extra dimensions or little Higgs models, could decay with a large BR as W ′ →
tb, provided that the leptonic decay modes are suppressed. This may be the case
for instance for a right-handed W ′, provided that the mass of the right-handed
neutrino is heavy enough. Both CMS and ATLAS have set limits on the cross
section times branching ratio σW ′ ·BR(W ′ → tb) for a right-handed W ′-boson with
SM like couplings. While the ATLAS measurement 418 based on Lint = 1.04 fb
−1
excluded masses below 1.13 TeV, the preliminary CMS measurement 419 based on
Lint = 5.0 fb
−1 excluded masses below 1.85 TeV at 95% CL. Both results improve
upon previous Tevatron results 420,421.
9. Summary and Outlook
The data sample corresponding to Lint ∼ 5 fb−1 which was provided during the
first two years of LHC operation at
√
s = 7 TeV resulted in a wealth of information
about the properties of the top quark and its interactions in a new energy regime,
complementing the Tevatron data. Precise (less than 7%) measurements of the tt¯
cross section are challenging current theory calculations which approximate the full
NNLO QCD result. Differential cross sections have been measured, thanks to the
large abundance of top quark events. Measurements of the top quark mass with
precision below 1% are already competing with the Tevatron, thanks to impressive
understanding of the detectors and systematic uncertainties, already after a rela-
tively short running period, and the measurement of the top quark - anti-quark
mass difference is a world-best. Various other properties of top quarks and their
interactions, in particular of the ratio of branching fractions R (consistent with
unity within 4%), the W -boson polarization in top decays, the tt¯ spin correlation
(established with more than 5σ significance) and the tt¯ charge asymmetry AC , are
all in good agreement with the SM. Some tension with the SM observed at Teva-
tron in measurements of R and the tt¯ forward-backward asymmetry could not be
confirmed by LHC results, though even more precise measurements are needed for
a more definite statement. Single top quark production has been measured in the
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t- and tW -channels, in agreement with SM predictions. No signs of contributions
from new physics have been found in the Mtt¯ distribution and new heavy reso-
nances decaying into tt¯ pairs have been excluded for masses up to around 1.5 TeV,
already exceeding corresponding Tevatron limits. Also searches for FCNC top quark
decays and production, same-sign top quark production, fourth generation quarks
and charged Higgs or W ′-bosons so far have turned out negative, but have already
provided more stringent exclusion limits than earlier ones obtained at the Tevatron.
From 2012, the LHC is running at the increased center-of-mass energy of
√
s =
8 TeV, which results in an increase of the top quark pair and single top cross sections
of 30 to 50%, while the most important backgrounds are expected to increase less
strongly with energy, leading to an improved S/B. In addition, the anticipated
integrated luminosity delivered before the start of the first long LHC shutdown in
2013-2014 of Lint = 15− 20 fb−1 will yield very large samples of top quark events.
Precision measurements of tt¯ and single top cross sections at
√
s = 8 TeV will
be the first task, to confirm the energy dependence. In addition, ratios of cross
sections such as σ8 TeVtt¯ /σ
7 TeV
tt¯ can be measured in which many experimental and
theoretical systematic uncertainties cancel to a large extent, including scale and
PDF (except for the large-x region, see below) uncertainties. To also eliminate
the luminosity uncertainty, double ratios with respect to standard candles such as
Z-boson production can be extracted: (σtt¯/σZ)
8 TeV/(σtt¯/σZ)
7 TeV. Such double
ratios would also be fairly sensitive to contributions from new physics. Besides
inclusive cross section measurements, the large data sample will also enable detailed
measurements of differential cross sections.
The competition between ever more precise theory calculations, hopefully soon
to full NNLO QCD accuracy, and further reduction of experimental systematic un-
certainties will continue. Also here the large dataset will help, and regions of phase
space can be selected which are less sensitive with respect to the impact of dominat-
ing systematic uncertainties. In addition, data can be used to constrain systematic
uncertainties due to the modeling of top quark production in MC generators such
as from the parton shower or the choice of factorization scales, in particular using
differential distributions. A first example was presented in section 6.7. Studying ISR
in a gluon induced process such as tt¯ production is also beneficial for the modeling of
Higgs production gg → H. As discussed in section 5, measurements of mt performed
differentially in pT or other variables will help to constrain important uncertainties
due to the modeling of soft physics such as the underlying event and color reconnec-
tion, and alternative mass measurements with uncorrelated systematic uncertainties
will become possible.
Top quark cross sections can also be useful to constrain the PDF. In fact, a
large contribution to the total uncertainty in the tt¯ cross section is due to the im-
perfect knowledge of the PDF (see Table 1, section 2.1). In the case of tt¯ production,
constraints on the medium to large x gluon distribution can be obtained by mea-
surements of σtt¯ as function of rapidity and pT , and the ratio σtt¯/σZ profits from the
fact that the PDF uncertainties for tt¯ and Z-boson production are anti-correlated.
April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
88 CONTENTS
Ratios σ8 TeVtt¯ /σ
7 TeV
tt¯ may provide sensitivity to the large-x region. Precise differen-
tial measurements of t-channel single top quark production will eventually be used
to place constraints on the b-quark PDF, using the cross section as function of the
b-jet rapidity. Furthermore, the ratio of single top quark and top anti-quark cross
sections, ideally as function of rapidity, is sensitive to the ratio of up and down
quark PDF in the proton.
Measurements of tt¯ production in association with a boson (γ, W , Z) will even-
tually allow to determine couplings of the top quark to bosons (a first result for
tt¯+γ was discussed in section 6.5), even though the expected event numbers will be
small for tt¯ + W/Z (O(30− 50) events for 20 fb−1). In addition, the measurement
of tt¯+ γ production will yield limits on the production of excited top quarks which
decay as t∗ → t+ γ.
Measurements of tt¯+jets are important tests of QCD (NLO QCD predictions
exist for tt¯+1 jet and tt¯+2 jets, see section 2.1), as well as being useful to constrain
backgrounds in searches for new physics or the Higgs boson. The latter is particu-
larly the case for the tt¯+ bb¯ channel, which will pave the way to an observation of
the Higgs boson in association with a tt¯ pair (tt¯H).
Even though it is not a discovery channel, the tt¯H mode will be important as it
can be used to measure the Yukawa coupling of the top quark. Previous sensitivity
studies based on simulation 104,105 indicated that very large amounts of integrated
luminosity would be needed, and the analyses are plagued with small statistical
significance of the signal and large systematic uncertainties due to the backgrounds.
In the meantime however, significant improvements in the reconstruction of physics
objects have been made, and advanced reconstruction algorithms for highly boosted
final state topologies have become available. These developments, together with
the more precise NLO QCD calculations of the dominating tt¯ + bb¯ and tt¯+2 jets
backgrounds, have the potential of significant improvements to the sensitivity of the
tt¯H search.
Finally, the cross section for the production of four top quarks tt¯tt¯ should be
measured. While being very small in the SM (O(1 fb)), it may be considerably
enhanced in certain new physics models, for instance SUSY in which pair-produced
gluons dominantly decay into tt¯ and a neutralino, topcolor or compositeness models.
In single top quark production, differential cross section measurements will be-
come possible in the t- and tW -channels, and the s-channel mode could be observed
for the first time at LHC. The single top quark and top anti-quark cross sections
should be measured separately. Instead of exploiting the top quark polarization in
electroweak single top quark production when measuring the cross section (e.g.,
by using cos θ∗ as discriminating variable), the measurement could be decorrelated
from cos θ∗, which would allow the polarization to be measured. It is important to
measure single top quark production in all channels, since contributions from new
physics would affect the different production modes in a different way.
A global fit should be performed to constrain the properties of the Wtb ver-
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tex, using measurements in single and pair production of top quarks. More detailed
measurements of tt¯ spin correlations are also needed. Deviations from the SM ex-
pectation would indicate contributions from new physics.
Even more sensitive searches for FCNC top quark decays and same-sign top
quark production must be performed, and the direct searches for quarks of a possible
fourth generation, as well as indirect constraints from |Vtb| determinations (single
top cross sections, R measurements) will continue.
Precise measurements of the Mtt¯ distribution will allow to place even more
stringent limits on new physics models, benefiting at high mass from sophisticated
top tagging algorithms. If a resonance is observed, its spin-parity properties could
be further investigated by measuring polar angle distributions in the corresponding
mass region.
The top quark charge asymmetry AC , which in the SM is around 10% smaller
at
√
s = 8 TeV compared with its 7 TeV value, must be measured more precisely
and differentially, in particularly by moving to kinematic regions in which the SM
asymmetry, only present for quark-induced initial states, is enhanced. In addition,
lepton asymmetries should be measured in di-lepton final states, since they are
not affected from ambiguities due to the reconstruction of the tt¯ system. SM NLO
QCD theory predictions for the charge asymmetry are needed. Together with Afb
measurements at the Tevatron, the parameter space for new physics models can be
further constrained.
Precise measurements of mt are an important ingredient for global electroweak
fits. Should the Higgs boson be discovered, the values of mH , mt and mW could be
used to test the consistency of the SM.
The important effort to combine the most precise measurements of ATLAS and
CMS on top quark physics has started already, beginning with the measurements
of top quark pair and single top quark production cross sections. Others, such as a
mt combination, should also include the Tevatron data.
Very exciting years are ahead for top quark physics, which will show if the data
continue to be consistent with the SM expectations, or if hints for new physics will
be found.
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